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This work is concerned with the leading methods of bottom-up material synthesis and
characterization for electrochemical storage as well as thermal-to-electrical energy
interconversion. Among various metal oxides, manganese oxide-based materials are very
attractive for electrochemical applications due to being abundant, especially anode applications in
lithium ion batteries. The main issues hindering the effective use of manganese oxides are their
ultra-high electrical resistivity, and phase instability during cycling. These issues are addressed by
a purposeful use of controlled growth on multiwalled carbon nanotubes and Co-alloying.

The presence of oxygen vacancy sites fundamentally affects physical and chemical
properties of materials. It is reported that a thermochemical interaction between
poly(diallyldimethylammonium chloride) PDDA and α-MoO3 enables formation of highconcentrations of oxygen vacancies. A proposed mechanism suggests that the vacancy sites are
created through absorption of terminal site oxygen (Ot) upon decomposition of the N─C bond in
the pentagonal ring of PDDA during the thermal treatment. Ot atoms are absorbed as ionic O- and
neutral O2-, creating Mo5+-v·O and Mo4+-v··
O vacancy bipolarons and polarons, respectively. Samples
with higher concentrations of oxygen vacancies are found to be more active for oxygen reduction
reaction.

Sajad Yazdani – University of Connecticut, 2018

Furthermore, high temperature energy conversion materials, such as PbS, are very
attractive for waste heat recovery from a thermodynamic stand point. However, chemistry of
bottom-up methods can be quite complicated and introduce vacancies sites and defects leading to
uncontrolled chemical potentials and charged interfaces altering the electronic transport properties
of PbS. It is shown that the electronic transport is dominated by the existence of trap states and
dramatic effects of highly charged interfaces on electro-thermal properties of PbS1-x have been
investigated.

Finally, thermal, electrical and electrochemical materials property measurements can be
quite challenging especially at high temperatures introducing significant uncertainty. In this thesis,
an instrument design for consecutive and accurate measurements of thermal conductivity,
electrical conductivity, and ionic conductivity as well as Seebeck coefficient within a wide range
of temperatures is presented by eliminating potential sources of error.
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CHAPTER 1: Introduction
1.1 Background: Transition metal oxides for lithium ion battery anodes
Despite having high capacities, Li alloying anodes such as Si, usually lack the stability
upon clinging due to dramatic expansions and contractions during alloying or de-alloying1. In
comparison, transition metal oxides are very appealing for anode applications in lithium ion
batteries due to their high specific capacity and reversible reactions with Li ions preventing metalLi alloy formation1-3. The reversible reaction can be written as

MO + xLi + + xe− ↔ LiO2 + M ,( M =
Fe, Co, Ni, Cu, Mn)

(1.1)

The forward reaction is thermodynamically favorable but the backward reaction leading to
Li+ formation from LiO2 is not thermodynamically favorable4. It has been reported that
nanostructuring can significantly facilitate the reversibility of the redox reaction4-6. Other main
challenges in anode materials design and fabrication include having low electrical conductivity
and Li ion diffusion coefficient4.

Among various metal oxides, MnxOy materials are particularly interesting for large-scale
applications due to their abundance. The high theoretical capacity of MnO (755 mAhg-1), Mn3O4
(936 mAhg-1) and MnO2 (1230 mAhg-1) make them very promising. However, having extremely
low electrical conductivity (e.g. 10-9 S cm-1 for MnO)4, 7, 8 hindering the potential applications. The
other challenge is related to poor reversibility and phase stability of manganese oxides. Phase
transformation to higher oxidation degree from MnO to Mn2O4 which is thermodynamically
1

favorable can also lead to poor cyclability of the anodes. Thus, despite being a very attractive
candidate, any effort to fabricate high performance MnxOy anodes, need be focused on solving the
insulating behavior and phase transitions of MnxOy while cycling.

1.2 Background: Molybdenum oxides for electrochemical applications: The importance of
oxygen vacancies in MoO3-x.
The unique properties of molybdenum-based oxides such as relatively high electrical
conductivity and mechanical and thermal durability make them ideal candidates for development
of efficient electrochemical energy storage systems

9,

10

. Among different Mo-based

electrocatalysts, layered orthorhombic MoO3 and conductive monoclinic MoO2 are the most
promising9, 11. The majority of previous studies on these materials have been carried out in the
fields of Li-ion batteries12, oxygen reduction reaction13, 14, supercapacitors and pseudocapacitors9,
15

and the hydrogen evolution reaction11 (Figure 1.1).

2

Figure 1.1. Mo-based materials for electrochemical applications. (a) Crystal structures of
various Mo-based compounds. (b) Rich chemistry of multivalent Mo-based materials for
electrochemical applications such as lithium ion, sodium ion and magnesium batteries, as well as
supercapacitors. Reprinted with permission from ref.9. Copyright 2015 Royal Society of
Chemistry.
3

Molybdenum oxidizes exist in a wide variety of structures and stoichiometries (Figure 1.1
a). Among these, α-MoO3 is layered with an orthorhombic structure and monoclinic MoO2 is
known for high electrical conductivity. Depending on the synthesis methods, oxygen vacancies
can be formed which essentially dictate many physical and electrochemical properties of metal
oxides. An oxygen vacancy is a shallow donor in MoO3 making MoO3-x a degenerate n-type
semiconductor. The presence of oxygen vacancies has been shown to substantially alter
physiochemical properties of MoO3 such as optical properties and electrical conductivity.
Additionally, oxygen vacancy formation can increase interlayer distances16, which can potentially
lead to improvement of electrochemical performance15. This necessitates exploring and
discovering effective approaches for creation of high concentrations of oxygen vacancies in
important and commonly used metal oxides such as molybdenum and manganese oxides.

1.3 Waste heat thermal energy conversion using bottom-up synthesized materials
1.3.1 Background
The increasing global demand for energy production requires developing more efficient and
reliable alternative power generation technologies as well as energy harvesting devices, especially
thermal-to-electrical energy conversion and electrochemical energy storage. Thermoelectric
energy generation is one of the most promising solutions to convert heat to useful electricity
considering the fact that the majority of produced energy is lost as waste heat17.

4

Figure 1.2. Thermal to electrical energy interconversion. (a) Schematic of the device
structure of a thermoelectric energy conversion device. (b) Seebeck effect: temperature difference
across a thermoelectric can cause the charge carries to be drawn towards the cold junction resulting
in a formation of an electromotive force which can be used for power generation when connected
to a load in an electrical circuit. (c) Peltier effect: when a TE material is subjected to an electrical
current, a temperature difference due to the charge carries diffusion is formed which can be used
for the refrigeration applications.

Thermoelectric energy conversion holds the potential to augment current cooling and energy
production technologies, offering improved reliability, smaller size, operational lifetime on the
order of decades, and no moving parts. In thermoelectric (TE) energy conversion, waste heat is
5

directly converted into electricity. When a thermoelectric material is exposed to a temperature
gradient, the charge carriers – electrons in n-type and holes in p-type materials – diffuse from one
side of the solid material to the other. In a power generation mode taking advantage of the Seebeck
effect, a temperature gradient is used to generate electrical current as the diffusion of electrons is
from the hot side towards the cold side and vice versa for holes. The opposite effect (using an
electrical current to force a temperature gradient) can be used in a refrigeration mode and takes
advantage of the Peltier effect (Figure 1.2).

The design of high performance thermoelectric materials can have a sizeable impact on the
commercial industry as a sustainable energy recycler for the constant losses demonstrated by the
excess waste provided by current manufacturing processes18. The performance of a thermoelectric
material can be described by a non-dimensional quantity zT, defined as

S 2σ
S2
zT ≡
T=
κ
L

 κ 
⋅ 1 + l 
 κe 

−1

(1.2)

where σ is the electrical conductivity, S is the Seebeck coefficient, L is the Lorenz number, T is
the absolute temperature, and κ = κe + κl is the thermal conductivity comprised of electronic (κe)
and lattice (κl) components. The energy conversion efficiency at optimum efficiency is related to
the Carnot efficiency, ηCarnot, and figure of merit, zT, as indicated by the following equation19


1 + zTdevice − 1
η ηCarnot ⋅ 
=
 1 + zT
device + Tcold / Thot

6


T −T
 ; ηCarnot = hot cold ,

Thot


(1.3)

where Thot and Tcold are the temperatures at the hot and cold side of the device, respectively, and
where the properties we are concerned with are taken across the range of temperatures over which
the device operates, zTdevice. A more detailed discussion of the relationship between temperaturedependent material properties and device efficiency is given in ref.20. Reported values for state-ofthe-art chemically synthesized thermoelectric materials is given in Figure 1.3.

Figure 1.3. The reported high-performance figure of merit zT for bottom-up synthesized
thermoelectrics at various temperatures for PbS-Ag (Ibáñez et al.21, n-type), PbS0.72Te0.28 (Ibáñez
et al.22, n-type), PbTe0.1Se0.4S0.5-Cl (Ibáñez et al.23, n-type), Bi2Te2.8Se0.2 (Varghese et al.24, ntype), Bi0.5Sb1.5Te3 (Zhang et al.25, p-type), Bi0.5Sb1.5Te3 (Zhang et al.24, p-type), Bi0.5Sb1.5Te3
(Mehta et al.26, p-type), Bi2Te3 (Zhang et al.27, n-type), PbS (Xu et al.28, n-type), Bi0.5Sb1.5Te3 (Liu
et al.29, p-type).
7

A graphical representation of the efficiency as a function of zTdevice is shown in Figure 1.4
using a hot side temperature of 773 K and a cold side temperature of 300 K, where the predicted
energy conversion efficiency for these materials according to their zTdevice over the 300-773K
temperature range is also plotted as a demonstration of the promise of this technology. Note that
as an upper limit, this temperature difference correlates to a Carnot efficiency of 61.2%. For an
energy conversion technology to be considered practical, the efficiency should be greater than one
third of the Carnot efficiency18, hence the zTdevice required for practical energy conversion over the
temperature range Thot to Tcold can be expressed as

zTdevice,practical =

(Tcold + Thot ) ⋅ (Tcold + 5Thot ) .
2
4Thot

(1.4)

Comparison with state-of-the-art reports of zTdevice over this temperature, which is highest for topdown synthesized materials30-33, demonstrates that while progress has been made to increase
efficiency, materials performance is still the realm in which improvements must be made before
thermoelectric energy conversion can become a practical technology.

According to equation 1.2, emphasis in materials engineering should be placed on enhancing
the power factor (S2σ) while suppressing the thermal conductivity (κ). However, in reality, these
properties are related to each other and act in opposite trends with respect to carrier concentration.
As all three of the transport properties (S, σ, and κ) change interdependently, the carrier
concentration can be adjusted to the value that leads to the maximum zT, which is carried out by
deliberate p-type or n-type doping.

8

Figure 1.4. Materials performance parameters required for practical thermal-to-electrical
energy interconversion. (a) Power generation efficiency as a function of device figure-of-merit
(zTdevice) at hot- and cold-side temperatures of 773 and 300 K, respectively, shown in comparison
with values of zTdevice for state-of-the-art bulk materials for energy generation over the same
temperature range: SnSe 32, Na-doped PbTe-SrTe 30, K-doped PbTe-PbS 31, and Na-doped SnSe
33

. The maximum efficiency is limited by the Carnot efficiency, and practical energy conversion

technologies 18 are defined as having η ≥ ηCarnot/3, which will require zTDevice ≥ 1.87 for the given
operating temperatures. (b) For hot- and cold-side temperatures over the range of 300 to 1000 K,
a zTdevice ranging from 1.75 to 3 is required to demonstrate an efficiency of one third the Carnot
efficiency.

For most cases, the optimum carrier concentration34 is ~ 1018−1020 cm-3. The carrier
concentration needs to be optimized regardless of the material fabrication process (top-down or
bottom-up). The carrier concentration needs to be optimized regardless of the material fabrication
process (top-down or bottom-up) which can be dominated by presence of defects and vacancies35.
9

Other than possessing a high zT, any developed synthesis approach should be capable of
the mass production of thermally and mechanically stable materials at low cost. Developing these
production techniques is crucial especially for potential operations in large industries such as
petroleum refining and primary metals manufacturing. A majority of previous investigations are
based on top-down (solid-state) methods for material preparation, and currently most of high zT
thermoelectrics have been obtained using solid-state synthesis processes31-33, 35. Each approach –
solid-state or bottom-up – has its own advantages and limitations. Compared to the solid-state
methods, bottom-up synthesis has been relatively overlooked and we argue that the highest
potential for impact lays in investigations utilizing chemistry-based approaches. In contrast to
thermoelectrics, solution-based approaches have long been utilized for various applications such
as energy storage (batteries 36, supercapacitors 37, solar cells 38-40 and catalysis 41). There are many
well-developed synthesis methods in these fields that can potentially be adapted to modify the
electronic or thermal performance of nanostructured materials42-44. For instance, chemical routes
have been discovered to control the shape, morphology, and dimensionality of inorganic materials
that enable manipulation of their physico-chemical proprties45-48. Ligand exchange techniques
have been introduced for improvements of electrical properties in nanocrystals49. These are unique
capabilities of bottom-up methods that have rarely been exploited for thermoelectric purposes.
Bottom-up techniques such as microwave rapid synthesis also have inherent potential for massproduction.

1.3.2. Hydro/solvothermal and microwave synthesis of thermoelectric nanomaterials
In a hydro/solvothermal process, the synthesis constituents such as precursors, solvents,
surfactants, and reduction agents are allowed to react under a high-pressure and temperature,
10

usually in a sealed Teflon autoclave. In microwave synthesis, the reaction is sealed and heated by
microwave radiation allowing for faster processing on the order of minutes. Several studies have
reported the use of hydro/solvothermal synthesis of materials for thermoelectric applications such
as PbTe50, Bi2Te351-54, La0.2Bi1.8Te355, CoSb356, PbTe nanowires57, nanoboxes58, and nanocubes59,
Sb2Te360-63, Sb2Te3–Te64, (Bi1–xSbx)2Te365, S-doped Ag2Te66, SnxSb2Te3+x67, and p-type
Sb2Te3/poly(3,4-ethylenedioxythiophene) 68. The hydro/solvothermal thermal method can also be
used as a post-synthesis treatment to modify already made materials via grain boundary
engineering. Ji and Tritt et al.,52 reported modification of commercial p-type (Bi0.2Sb0.8)2Te3
powders by a hydrothermal treatment in a solution of AOH, and ABH4, where A = Na, K, and Rb.
The untreated and treated x-ray diffraction data showed no extra peaks and suggested no
intercalations or formation of a new crystalline phase. However, a hump feature was observed
which was attributed to an amorphous constituent of a new phase which dramatically changed
thermoelectric properties. Selected area electron diffraction (SAED) patterns of the treated
samples showed cubic symmetry against the hexagonal symmetry of the un-treated samples,
suggesting the existence of a secondary crystallinity from the bare materials along with a noncrystalline phase. An interesting observation was that this coating layer could be easily removed
by a short ultrasonication, suggesting that the coating layer is loosely bound to the parent material
which also introduces an elastic mismatch at the boundaries. Transport measurements indicated
that the power factor was retained upon post-synthesis hydrothermal surface treatment, and even
increased for Rb treatment. The electrical conductivity was improved due to an enhancement of
carrier concentrations resulting in overall improvement of the thermoelectric power factor, σS2.
All surface-treated samples exhibited lower thermal conductivities compared to those of the bare
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(Bi0.2Sb0.8)2Te3. In the case of Na treatment, a 15% reduction in room temperature thermal
conductivity was reported.
1.3.3. High-temperature bottom-up materals: The importance of charged-interfaces

High temperature thermoelectrics, such as PbS, are more attractive for large-scale waste
heat recovery from a thermodynamic stand point. Solution chemistry-based, or bottom up,
approaches for material syntheses are ideal for large-scale applications and in general produce
products with low values of thermal conductivities as an abundance of grain boundaries can
suppress the lattice thermal conductivity. However, the chemistry of bottom-up methods can be
quite complicated and introduce vacancies sites leading to uncontrolled chemical potentials.
Existence of chalcogen vacancies, such as sulfur in PbS, can completely alter electronic transport
properties. Other than changing chemical potential, the vacancy or impurities can charge solution
processed interface-rich materials creating potential barriers against charge transport. Thus, it is
crucial to investigate the effects of charged-interfaces on electrical and thermal properties.

1.4 Background: Thermal, electrical, and ionic conductivity and Seebeck coefficient
measurements: Challenges and accuracy of high-temperature measurements
Accurate measurement of materials properties is essential in successful material design for
thermal energy conversion and electrochemical energy storage applications. This becomes more
critical especially at high temperatures where obtaining accurate measurements of thermal
properties becomes more complicated. Experimental investigations of solid materials at elevated
temperatures rely on optimized thermal design of the measurement system, as radiation becomes
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a predominant source of heat loss which can lead to large uncertainty in measured temperature and
related physical properties of a test sample. In most cases, high temperature thermal transport
measurements are conducted using transient flash diffusivity technologies. This means that
thermal conductivities are not obtained directly, and additional specific heat measurements are
required, usually conducted by differential scanning calorimetry. Measuring specific heat,
however, introduces large uncertainties in the overall thermal conductivity data. Quantification of
such errors is challenging and depends on the conditions of the equipment, pans, contamination,
and temperatures. High-thermal conductivity samples need to be thick because of the slow signal
detection and low thermal conductivity materials are required to be thin in order to detect
acceptable signals. Beside the large uncertainty and skepticism associated with obtaining thermal
conductivity through diffusivity and specific heat measurements, the current methods are
cumbersome, time consuming and expensive. On the other hand, the current steady state methods
for direct thermal conductivity measurements are not rigorous enough to be employed for hightemperature accurate applications.

Moreover, quantitative temperature-dependent electrochemical validation and the surface
temperature of the material must be measured under operation at fast charging rates (e.g., about
350 kW to about 400 kW), where Joule heating is expected to contribute to up to about 90% of the
volumetric heating rate, and ionic conductivity may influence the temperature asymmetry across
the material. Lack of such accurate measurements can lead to performance failures and
catastrophic safety issues such as ignition in batteries. As no instrument exists for this purpose, we
aimed to design an instrument for accurate and consecutive measurements of thermal conductivity,
electrical conductivity, ionic conductivity, and Seebeck coefficient as well as surface temperature

13

while maintaining a vacuum or inert gas environment. Our design overcomes prior technological
barriers as none of the current technologies provide consecutive measurements for these materials
properties.

1.5 Motivation and scope
The objectives of the present work include: (i) Improving the electrical conductivity and
phase stability of MnO nanomaterials for high performance lithium ion battery anode applications.
(ii) Defect engineering in MoO3-x materials for electrochemical applications. (iii) Understanding
the role of highly charged interfaces on the thermal and electrical transport properties of PbS1-x.
(iv) Identifying the uncertainty sources associated with high-temperature thermal, electrical, ionic
conductivity and Seebeck coefficient measurements. (v) developing a new design for consecutive
and accurate measurements of the electrical, ionic conductivity and Seebeck coefficient with a
main focus on high-temperature applications.
Chapter 2. It is demonstrated that the electrochemical performance of MnO can be greatly
improved by using oxygen-functional groups created on the outer walls of multiwalled carbon
nanotubes (MWCNTs) as nucleation sites for metal oxide nanoparticles. Based on the mass of the
active material used in the preparation of electrodes, the composite conversion-reaction anode
material Mn1–xCoxO/MWCNT with x = 0.2 exhibited the highest reversible specific capacity, 790
and 553 mAhg-1 at current densities of 40 and 1600 mAg-1, respectively. This is 3.1 times higher
than that of MnO/MWCNT at a charge rate of 1600 mAg-1. Phase segregation in the Mn1–xCoxO
nanoparticles was not observed for x ≤ 0.15. Capacity retention in x = 0, 0.2 and 1 electrodes
showed that the corresponding specific capacities were stabilized at 478, 709 and 602 mAhg-1
respectively, after 55 cycles at a current density of 400 mAg-1. As both MnO and CoO exhibit
14

similar theoretical capacities and MnO/MWCNT (x = 0) and CoO/MWCNT (x = 1) anodes showed
lower performances than that of x = 0.2, the improved performance of Mn1–xCoxO/MWCNT alloy
can be due to possible interactions in the bimetallic system.

Chapter 3. It is shown that that the presence of oxygen vacancy sites fundamentally affects
physical and chemical properties of materials. A dipole-containing interaction between
poly(diallyldimethylammonium chloride) PDDA and α-MoO3 is found to enable highconcentrations of surface oxygen vacancies. Thermal annealing under Ar resulted in negligible
reduction of MoO3 to MoO3-x with x = 0.03 at 600°C. In contrast, we show that thermochemical
reaction with PDDA polyelectrolyte under Ar can significantly reduce MoO3 to MoO3-x with x =
0.36 (MoO2.64) at 600°C. Thermal annealing under H2 gas enhanced the sub-stoichiometry of
MoO3-x from x = 0.62 to 0.98 by using PDDA at the same conditions. Density functional theory
calculations, supported by experimental analysis, suggest that the vacancy sites are created through
absorption of terminal site oxygen (Ot) upon decomposition of the N─C bond in the pentagonal
ring of PDDA during the thermal treatment. Ot atoms are absorbed as ionic O- and neutral O2-,
creating Mo5+-v·O and Mo4+-v··
O vacancy bipolarons and polarons, respectively. X-ray
photoemission spectroscopy peak analysis indicates the ratio of charged to neutral molybdenum
ions in the PDDA-processed samples increased from Mo4+/Mo6+ = 1.0 and Mo5+/Mo6+ = 3.3 when
reduced at 400°C to Mo4+/Mo6+ = 3.7 and Mo5+/Mo6+ = 2.6 when reduced at 600°C. This is
consistent with our ab initio calculation where the Mo4+-v··
O formation energy is 0.22 eV higher
than that for Mo5+-v·O in the bulk of the material and 0.02 eV higher on the surface. The results
presented in chapter 3 reveal a new paradigm for effective enhancement of surface oxygen vacancy
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concentrations essential for a variety of technologies including advanced energy conversion
applications such as low-temperature thermochemical water splitting.

Chapter 4. The role of interfaces on the electro-thermal properties of PbS1-x is investigated.
Sulfur vacancy (v··
S ) formation is monitored by TGA analysis. The majority of the sulfur vacancy
sites are formed at temperature ~ 266.4 ℃. By a combination of experiment and DFT, it is
proposed that the formation of v··
S is more favorable on the surface as opposed to the bulk of the
material. At this temperature a weight loss of 1.97 % is measured. As the temperature increases a
small and continues weight loss is observed with a maximum of only 0.3% weight loss at 600 ℃.
This smaller weight loss is attributed to the v··
S formations at layers closer to the outer surfaces
where the majority of v··
S vacancy formation occurs. A potential barrier against the carrier
transport, attributed to charged interfaces, is observed and analyzed. The effects of these charged
interfaces on the electro-thermal transport properties of PbS1-x materials is discussed in detail.
Chapter 5. Advancements in surface temperature measurements by reducing thermal
losses arising from the cold-finger effect using axially inserted thermocouples, and from radiation
using shields or other thermal guards are discussed in detail. The leading technology for
temperature sensing at temperatures up to ~900°C makes use of these design features for
measuring thermopower, yet uncertainty analysis estimation of this technique is not known. The
report presented in this chapter makes use of finite element modeling to determine spatial
temperature distributions to obtain the upper limit of confidence expected for the axially inserted
thermocouple approach when a heated radiation shield is incorporated into the design. Using an
axially inserted thermocouple to measure the sample surface temperature, the temperature
variations across the sample hot and cold surfaces at 900°C for a temperature drop of 0, 5, and
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10°C are calculated to be as low as 0.02, 0.21, and 0.41°C, respectively when a heated radiation
shield is employed. Uniform temperature distribution on the thermocouple cross-wire geometry
indicates that the axial thermocouple measurement design is indeed effective for suppressing the
cold-finger effect. Using a heated radiation shield is found to significantly reduce the temperature
gradient across the thermocouples. In addition, a new design of an instrument for accurate
measurements of thermal, electrical and ionic conductivity as well as Seebeck coefficient is
introduced and analyzed.
Chapter 6. In this chapter a summary of the findings and impact of the present work is
discussed.

17

CHAPTER 2: Improving the Electrochemical Performance of Manganese Oxide
Nanoparticles Nucleated on Multiwalled Carbon Nanotubes by Cobalt Alloying *
2.1 Background

Manganese oxide based materials are attractive for lithium ion batteries due to their high
abundance and low environmental impact 69. Among different classes of these materials, MnO has
a relatively high theoretical capacity of 755 mAhg-1 and low hysteresis voltage (< 0.7 V). However,
extremely high electrical resistivity and rapid capacity degradation are the limiting factors in
reaching the theoretical capacity and achieving long service life 3, 4, 70. Thus, it is highly desirable
to improve the electrochemical performance of MnO-based materials by increasing their ultra-low
electrical conductivity, on the order of 10-9 S cm-1 7. In pioneering reports, the electrochemical
performance of MnO indicated a low-potential reaction with Li, although capacity was not
promising 71. Through microstructuring, an initial capacity of 650 mAhg-1 was obtained in inverse
micelle-templated MnCO3 72. However, this capacity degraded to 390 mAhg-1 after only 25 cycles.
Capacity and stability were improved using a mixture of MnO and Mn3O4 nanoparticles confined
to carbonized polyacrylonitrile (PAN) nanofibers with mesoporous features using electrospinning
73

. First cycle specific charge and discharge capacities of 1155 and 785 mAhg-1 were reported at a

current rate of 50 mAg-1, as well as a reversible capacity of 597 mAhg-1 after 50 cycles (23.6 %
decay with respect to the initial reversible capacity). Higher electrical conductivity of the carbon
used in the preparation process and nanoscale electrochemically active materials were proposed to

Reproduced in part with permission from Sajad Yazdani, Raana Kashfi-Sadabad, Alessandro Palmieri, William E.
Mustain and Michael Thompson Pettes, "Effect of cobalt alloying on the electrochemical performance of manganese
oxide nanoparticles nucleated on multiwalled carbon nanotubes" Nanotechnology 28(15), 155403 (2017),
https://doi.org/10.1088/1361-6528/aa6329. Copyright 2017 IOP PUBLISHING, LTD.
*
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be responsible for the improved performance of their materials, as in other reports74, 75. A detailed
review of MnO/carbon as well as MnO/reduced graphene oxide (rGO) composites is given in refs.
3

and

76

. As an alternative strategy to increasing conductivity, porous structures of pure MnO,

MnO/CoO solid solutions and a nanocomposite of MnO and metallic cobalt (MnO/Co) were
prepared by reduction of solid solutions of their corresponding carbonate precursors77. The
MnO/Co structure exhibited improved reversible charge–discharge stability and it was concluded
that deposition of the Co nanocrystals and the formation of a CoO surface layer were responsible
for the enhanced performance. In addition, a significant number of previous reports on MnO-based
materials show a dramatic increase in the capacity retention during cycling78-88 which is most likely
due to the formation of phases with higher oxidation states and correspondingly higher theoretical
capacities [such as Mn3O4 (936 mAhg-1), Mn2O3 (1019 mAhg-1)76, MnO2 (1230 mAhg-1)4].
However, in most cases even these materials exhibit poor high rate charge-discharge performance.
Although the exact mechanism is still unclear, it has been reported that defect formations in MnO
particles, arising from volume changes during cycling, can facilitate the oxidation 81, 89. One feature
common to previous investigations is that MnO, when used as an anode material, exhibits poor
performance unless structural or chemical modifications are introduced. A summary is given in
Table 2.1. It should be noted that in most studies promising specific capacities are obtained only
at very low current densities (50-100 mAg-1) which greatly restricts their use in practical
applications.
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Table 2.1. Summary of performance of state-of-the-art MnO-based materials. The
theoretical capacities of MnO4, CoO90, and MWCNTs3 are 755, 716, and 372 mAhg-1,
respectively.
Number of
Current density
Material

cycles

Final reversible

High rate capacity (mAhg-1)

used in stability
reported

capacity (mAhg-1) at current density (mAg-1) a)
test (mAg )
-1

(#)
Carbon-coated MnO75

2-150

50

650

213

(1600 mAg-1)

2-60

100

691 b)

390

(1000 mAg-1)

2-90

100

772 b)

267

(1000 mAg-1)

2-100

100

626 b)

314

(800 mAg-1)

2-50

100

670 b)

331

(800 mAg-1)

2-50

100

730

562

(1000 mAg-1)

2-80

100

784

609

(1000 mAg-1)

2-400

200

640

451

(1000 mAg-1)

MnO/graphene
nanosheets

85

Nitrogen-doped
MnO/graphene
nanosheets86
MnO coated with N-doped
carbon

87

MnO/reduced graphene
oxide

91

MnO/C composites92
MnO
nanoparticle@mesoporous
carbon composites93
MnO coated with N-doped
carbon

94
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Hollow porous MnO/C
microspheres

95

2-50

100

700

260

(1000 mAg-1)

2-100

500

1047

551

(1500 mAg-1)

2-600

500

693

658

(1000 mA g-1)

2-55

400

478

177

(1600 mAg-1)

642

(800 mAg-1)

553

(1600 mAg-1)

MnO/Carbon
nanopeapods

96

Porous MnO/N-doped
carbon97
MnO/MWCNT
(present study)
Mn0.8Co0.2O/MWCNT
(present study)
a)

5-55

400

709

The reported higher current density rates up to 1600 mAg-1 were chosen as these are

both more relevant to technological applications and can be more easily compared with
the results of the current study; b) The reported specific capacity increased versus cycling
most likely due to the formation of materials with higher oxidation states98-100.
Here, a chemical route to nucleate Mn1–xCoxO nanoparticles on the outer walls of
multiwalled carbon nanotubes and obtain a capacity among the highest reported at applicationrelevant charge discharge rates is demonstrated. The structure-electrochemical performance
relationship of Mn1–xCoxO composites with x = 0 and 0.2 grown directly on MWCNTs is found to
strongly influence the electrochemical performance.
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2.2. Methods
2.2.1 Chemicals
Manganese(II) acetate tetrahydrate Mn(CH3COO)2·4H2O, cobalt(II) acetate tetrahydrate
Co(CH3COO)2·4H2O, ethyl alcohol (CH3CH2OH), multiwall carbon nanotubes (MWCNTs
724769), potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), and sodium nitrate
(NaNO3), sulfuric acid (H2SO4) 98% and ammonium hydroxide solution (NH4OH) (with 28.0–
30.0% NH3) basis were obtained from Sigma-Aldrich and used without further purification.
2.2.2 Synthesis of oxidized multiwall carbon nanotubes
Oxidized multiwall carbon nanotubes were prepared according to a procedure reported in
ref. 101, which is similar to the Hummer’s method for preparation of graphene oxide102. In a typical
synthesis, 1 g MWCNT was transferred into a round-bottom flask (250 mL) and 60 mL of
concentrated sulfuric acid was added and stirred at room temperature for~ 24 h. The flask was then
heated in an oil bath, kept at 45 °C for 10 min, after which 0.1 g of sodium nitrate (NaNO3) was
added to the mixture. After 10 min while retaining the reaction temperature under 20 °C in an ice
bath, 1 g of potassium permanganate (KMnO4) was slowly added to the reaction. It should be noted
that the addition of KMnO4 should be slow and all the required safety precautions related to
working with concentrated acids should be met. After 30 min, the solution was removed from the
iced bath and after 5 min was transferred to an oil bath at 45 °C. After 30 min, 3 mL of deionized
(DI) water was slowly added to the flask, and the reaction was proceeded by adding 5 and 40 mL
of DI water after 5 and 10 min, respectively. After allowing the reaction to continue for another
15 min, the heat source was removed, and 140 mL of DI water followed by 10 mL of 30% hydrogen
peroxide (H2O2) solution were poured into the solution in order to stop the reaction. The mixture
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was then kept stirring at room temperature for 15 min. The obtained sample was washed with 5%
HCl in DI water and centrifuged twice to remove any unreacted cations. The mixture was then
continuously washed and centrifuged with DI water until a pH of ~5 was measured. Then the
collected sample was dispersed in 100 mL of DI water and sonicated for 30 min. The final product
was obtained by centrifugation and room temperature vacuum drying.
2.2.3 Synthesis of Mn1–xCoxO/MWCNT
Similar to refs. 101 and 103, 90 mg of the oxidized MWCNTs was ultrasonically dispersed
in a 122.5 ml of 50:1 ethanol:DI water solution for 1 h. The mixture was transferred to a roundbottom flask (250 ml) to which 3 ml of Mn(CH3COO)2·4H2O solution (0.6 M) in DI-water was
added. A certain amount of Mn solution, x, was replaced by Co(CH3COO)2·4H2O solution (0.6 M
in DI water) for x = 0.05, 0.10, 0.15 and 0.20 samples. Afterwards, 2.5 ml of ammonium hydroxide
was added to the mixture and the flask was transferred to an oil bath at 90 °C and re-fluxed for 24
hours. The samples were collected by centrifugation at 7000 rpm and dried in vacuum at room
temperature for 72 hours. The dried samples were subsequently annealed in argon at 600 °C for 3
hours with ramp 1 °C min-1 in order to crystalize the metal oxides and thermally reduce the partially
oxidized MWCNTs.
2.2.4 Synthesis of Mn1–xCoxO without MWCNTs
The samples without MWCNTs (x = 0, 0.2) were prepared by dissolving the stochiometric
amounts of precursors in 122.5 ml of 50:1 ethanol:DI water solution. Similar to the synthesis
described above, the mixture was transferred to a round-bottom flask (250 ml) and re-fluxed in an
oil bath at 90 °C for 24 hours. Specific to these samples without MWCNTs, the solution was
poured in a Petri dish and placed in an oven at 60 °C in air until the solvent evaporated. The
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obtained powder was collected and annealed under argon at 600 °C for 3 hours with ramp 1 °C
min-1.
2.2.5 Cell fabrication
Inks containing 70 wt.% active materials, 20 wt.% conductive carbon black (CNERGY
Super C65, Imerys), and 10 wt.% polyvinylidene fluoride (PVDF, Kynar blend) as the binder were
prepared for fabrication of the half-cell “cathode”. First, by repeated sonication and mechanical
stirring of all ingredients overnight, a homogenous ink in N-methylpyrrolidone (NMP, Acros,
99.5% Extra Dry) was obtained. Copper foil (Alfa Aesar, 99.999%, thickness 0.002 in) as the
current collector was roughened and cleaned by isopropanol. The prepared ink was sprayed onto
copper foil to form a coating with a uniform thickness subsequently heated at 100 °C for 24 hours
under vacuum. The coated foil was pressed at 1500 lbs and weighed in order to obtain its mass
loading. The active loadings were kept between 1.0–1.5 mg cm-2. Coin cells were assembled in a
half-cell configuration with lithium metal as the counter negative electrode (Alfa Aesar, 99.9%)
and Celgard 2320 tri-layer PP/PE/PP as the separator in a 2.0 cm diameter coin cell (Hohsen Corp).
Lithium hexafluorophosphate (LiPF6, Acros 98%) (1M) solution in ethylene carbonate (EC, Acros
99+%): dimethyl carbonate (DMC, Acros 98+%):diethyl carbonate (DEC, Acros 99%) with a ratio
of (1:1:1) was used as the electrolyte on both sides of the separator (15 µL). The prepared cathode
and counter negative electrode were cut into circles of 1.5 cm in diameter and were used with a
1.9 cm separator. All the battery components were pressed and sealed into the coin cell prior to
removal from the glove box.
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2.2.6 Electrochemical measurements
All the reported capacities were obtained based on the mass of the active materials. All
electrochemical experiments were performed using an Arbin MSTAT battery test system.
2.3 Characterization
Powder X-ray diffraction (XRD) analyses were performed on a Bruker D2 Phaser with Cu
Kα radiation (λ = 1.54184 Å) with an operating voltage and current of 30 kV and 10 mA.
Transmission electron microscopy (TEM) analysis was conducted using a FEI Talos F200X
TEM/STEM at an accelerating voltage of 200 kV, and chemical analyses were collected using
STEM and energy dispersive X-ray spectroscopy (EDS) with HAADAF/BF detectors. Samples
were first dispersed in ethanol and then collected using copper grids covered with thin carbon
films. X-ray photoelectron spectroscopy (XPS) was performed on a PHI model 590 spectrometer
with multipoles (Φ Physical Electronics Industries Inc.), using Al Kα radiation (λ = 1486.6 eV).
Electrochemical impedance spectroscopy (EIS) was conducted using an Autolab PGSTAT302 N
Potentiostat (Eco Chemie) from 1000 kHz to 50 mHz with a 5 mV amplitude and a coin-cell open
circuit voltage (2.2 V).
2.4 Results and discussion
The Mn1–xCoxO nanoparticles were grown on oxidized MWCNTs which were prepared by
a modified Hummers method with a lower concentration of KMnO4101, 102. The mass ratio of Mn1–
xCoxO

to MWCNT was kept at 10:1. Mn(CH3COO)2·4H2O and Co(CH3COO)2·4H2O were used

as the Mn and Co sources precursors. In order to reduce the hydrolysis rate and avoid formation
or grouping of free particles, 0.5 ml of ammonium hydroxide solution was added to the mixture
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before heating. The samples were centrifuged and subsequently annealed in argon at 600 °C in
order to crystalize the metal oxides and thermally reduce the partially oxidized MWCNTs101. In
preparation of a working electrode, the Mn1–xCoxO/MWCNT materials were combined with
carbon black and polyvinyldifluoride (PVDF) in a weight ratio of 70:20:10. Coin cells in half-cell
configuration were used to perform the electrochemical measurements with lithium metal as the
counter electrode. For a detailed explanation of the chemical synthesis and electrochemical
measurements refer to the methods section.
X-ray powder diffraction measurements for the obtained products as shown in Figure
2.1(a). At x = 0, all diffraction peaks can be indexed to a pure cubic crystal structure of MnO with
the space group of Fm3� m (225) according to JCPDS No. 01-077-2929. At x = 1, all peaks were

assigned to CoO with the space group of Fm3� m (225) according to JCPDS No. 48-1719. Cobalt

substitution did not result in phase decomposition for x ≤ 0.15. For x ≤ 0.15 the results revealed
small shifts in the peaks as shown in the inset of Figure 2.1(a) implying slight changes in lattice dspacing due to formation of a MnO-CoO solid solution obeying Vegard’s law104. At x = 0.2,
formation of a secondary phase is observed, where both the primary and secondary phases have dspacings smaller than MnO and larger than CoO. This indicates the primary phase is closer in
stoichiometry to MnO and the secondary phase is closer to CoO, but both phases are Mn1–xCoxO
solid solutions. Raman spectroscopy indicated expected peaks for MWCNTs105, 106, where D peaks
at 1351.73 and 1350.31 cm-1 and G peaks at 1585.13 and 1583.75 cm-1 were observed for x = 0
and 0.2 samples, respectively (Figure 2.1b). The D-to-G-peak intensity ratio was ~1.3 for both
samples, indicating the high degree of disorder remaining in the MWCNTs arising from the surface
oxidation process used in the synthesis of the composites. In addition, second order G' peaks at
2700 and 2701.62 and the D+G peaks at 2935.05 and 2940.17 cm-1 were detected for x = 0 and 0.2,
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respectively. The peaks located at 309.97, 358.39 and 650.20 cm-1 for x = 0 are characteristic of
MnO107, 108. Peaks located at 297.95, 353.35 and 640.31 cm-1 for x = 0.2 are red shifted compared
to those of the un-doped material, due to the alloying of CoO with the MnO host structure. The
small peaks located at 172.04 and 461.42 cm-1 were assigned to CoO109 in the x = 0.2 sample. Highresolution transmission electron microscopy (HRTEM) analysis (Figure 2.1c,d and Figure 2.2)
confirms the nucleation and growth of MnO and Mn0.8Co0.2O nanoparticles onto the outer walls
of the MWCNTs. Nanoparticle sizes were observed to be less than 100 nm for x = 0 and 0.2
(diameters ~7–85 nm, Figure 2.3).
The high-resolution X-ray photoelectron spectroscopy (XPS) analysis of the C 1s peak for
x = 0 and 0.2 samples at 284.7 eV (Figure 2.4a), indicated the existence of C─C, C─O, C═O and
COOH functional groups110 at 284.6, 286.8, 287.3 and 299.93 eV respectively, with percentage
area ratios of 10.21:3.93:1.55:1 for both samples. The oxygen bands at 529, 530.5, 531.8 eV were
assigned to MnO, C─O and H─O bonds110, respectively, as shown in Figure 2.4. The band
corresponding to absorbed water at ~533.5 eV was almost negligible (3.58 and 3.24% for x = 0 and
0.2, respectively). The Mn 2p3/2 and Mn 2p1/2 peaks at 640.5 and 652.1 eV, respectively, with peakto-peak separation of 11.6 eV were well referenced to the Mn(II) oxidation state98, 111 (Figure 2.4c).
Furthermore, Co─O species were detected in the XPS spectra of the x = 0.2 sample as shown in
Figure 2.4(d), and the XPS survey (Figure 2.5). The XPS spectra of Co 2p3/2 and 2p1/2 revealed
characteristic peaks of CoO at 780 and 795.8 eV and their corresponding satellite peaks with
binding energies of 785.3 and 801.8 eV are in agreement with the literature data112-114. It should
be mentioned that the intense satellite peaks associated with high-spin Co(II) are due to multiple
electron excitations, so-called shake-up115, 116.
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Figure 2.1. (a) XRD patterns for Mn1–xCoxO/MWCNT powders, the inset shows the lattice
d-spacing variations versus the Co at.% substitution, x. Phase segregation into primary Mn-rich
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and secondary Co-rich (asterisks) Mn1–xCoxO phases is observed for x = 0.2. (b) Raman spectra
for Mn1–xCoxO/MWCNT, x = 0 and 0.2. Transmission electron micrographs of (c) MnO and (d)
Mn0.8Co0.2O nanoparticles attached to MWCNTs. (d, inset) Fast fourier transform (FFT) pattern
along the [1� 12] zone axis. The lattice spacings of d111 , d1�3�1 , and d2�2�0 were within 0.77, 0.12 and
0.39% of those obtained from the XRD data, respectively. (e) Schematic of the Mn1–
xCoxO/MWCNT

composite nanomaterial.

Figure 2.2. High resolution transmission electron microscopy (HRTEM) of a Mn0.8Co0.2O
nanoparticle attached to a MWCNT. The the attachtment of the nanoparticle and high oxidation
degree of the MWCNT can be observed. (inset) Fast fourier transform (FFT) of the nanoparticle
oriented close to the [013] zone axis.
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Figure 2.3. TEM images indicating the morphology for: (a–b) MnO/MWCNT and (c)
Mn0.8Co0.2O/MWCNT samples.

For x = 0.2, the Co XPS spectra show that the surface contains CoO, while the XRD results
indicate the bulk of the material contains two phases of Mn1–xCoxO, the primary phase being Co
poor and the secondary phase being Co rich, likely due to Co segregation towards the surface of
the nanoparticles. Because of their rock salt structures and the comparable sizes of Mn2+ and Co2+
cations, MnO and CoO are known to be soluble over the entire Mn1-xCoxO (0 ≤ x ≤ 1)
composition117,

118

with a complete solubility at room temperature and a maximum of the

miscibility gap in the calculated phase diagram occurring at a very low temperature (242 K)

119

.

Despite the calculated complete solubility, phase separation and deviation from the solid solution
composition can occur, especially at the surface as has been observed previously by XPS117 and is
observed in the present investigation.
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Figure 2.4. High resolution x-ray photoelectron spectroscopy (XPS) spectra of Mn1–
xCoxO/MWCNT,

x = 0 and 0.2, samples at a pass energy of 50 eV and sweep resolution of 0.1 eV

for (a) C 1s, (b) O 1s, (c) Mn 2p and (d) Co 2p. Peaks centered at 785.3 and 801.8 eV denoted
“sat.” are assigned to the satellite peaks of Co(II) in CoO.
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Figure 2.5. X-ray photoelectron spectroscopy (XPS) survey of Mn1–xCoxO/MWCNT for x
= 0 and 0.2, obtained using Al Kα irradiation at a pass energy of 100 eV and sweeping resolution
of 1 eV.

In order to gain more information about the chemical composition of the Mn1–
xCoxO/MWCNT,

high resolution STEM-EDS analysis was performed as shown in Figure 2.6a-e

[Figure 2.6(f-j) for high resolution images] and Figure 2.7. The chemical maps showed spatially
uniform dispersion of constituent elements throughout the nanoparticles. No detectable oxygen
was found on the MWCNTs (Figure 2.6b,c), although we note that Raman indicates a significant
concentration of defects, and XPS indicates C─O, C═O and COOH functional groups.
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Figure 2.6. Scanning transmission electron microscopy–energy dispersive x-ray
spectroscopy (STEM-EDS) analysis of the Mn0.8Co0.2O/MWCNT composite. (a) Bright field (BF)
STEM image and (b–e) corresponding STEM-EDS intensity maps of the (b) C, (c) O, (d) Mn, and
(e) Co K-edge peaks. (f) High-resolution high-angle annular dark-field (HAADF) image and (g–
j) corresponding STEM-EDS intensity maps of the (g) C, (h) O, (i) Mn, and (j) Co K-edge peaks.
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Figure 2.7. Scanning transmission electron microscopy–energy dispersive x-ray
spectroscopy (STEM-EDS) spectra of Mn0.8Co0.2O/MWCNT nanoparticles exhibiting O, Mn and
Co K-edge peaks. Cu peaks originated from the support grid. Insets display the (a) bright field and
(b) high-angle annular dark-field (HAADF) images of the nanoparticles.

The Mn1–xCoxO/MWCNT (x = 0, 0.2) nanocomposites were then used as the cathode
material in a Li-ion half-cell as described in the methods section. The first cycle charge and
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discharge curves of the x = 0.0 and 0.2 samples are shown in Figure 2.8(a) and were obtained at a
current density of 40 mAg-1. The samples showed initial charge capacities of 474 and 1044 mAhg1

for x = 0 and 0.2, respectively at a current density of 40 mAg-1. The features observed in the

charge data were correlated with the reduction reaction of Mn2+ based on the reaction MnO + 2Li+
+ 2e- → Mn + Li2O, and the formation of the solid electrolyte interphase (SEI) 74. The re-oxidation
(Mn to Mn2+) feature can be found in the slope of the discharge curves from 1 to 1.5 V versus
Li/Li+ (Figure 2.8(a)). In addition, capacity fades of 25 and 23% from the first cycle to the second
cycle were measured for x = 0 and 0.2 respectively (at a current density of 40 mAg-1), due to SEI
formation.
The charge–discharge behavior of the x = 0.2 sample at various current densities are
demonstrated in Figure 2.8(b). As expected, the achievable capacities decreased with increasing
rates, though the results showed promising trends for high rate capacities. For example, 91% of
the discharge capacity at a low current density of 40 mAg-1 was still achieved at a higher
application-relevant rate of 400 mAg-1. The rate performance of the nanocomposite materials is
shown in Figure 2.8(c). Both samples exhibited good high rate capacity performances. For
instance, for x = 0.2, capacities of 790 and 642 mAhg-1 were obtained at current densities of 40 and
800 mAg-1, respectively. At the highest rate we tested, 1600 mAg-1, the x = 0.2 sample exhibited a
capacity of 553 mAhg-1 which is still superior to the theoretical capacity of graphite (372 mAhg1 3

) . This value is higher than that of the reported state-of-the-art Mn-based materials with a higher

degree of oxidation (therefore a higher theoretical capacity) at the same current density (390 mAhg1

for Mn3O4/reduced graphene oxide composites120). After cycling at 1600 mAg-1, excellent

reversibility was observed for x = 0, 0.2 samples, with measured capacities of 928 and 669 mAhg1

for x = 0.2 and 372 and 236 mAhg-1 for x = 0 at current densities of 40 and 800 mAg-1, respectively.
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The remarkable performance of the x = 0.2 composite at high rates is more striking when compared
with the state-of-the-art literature data reported in Table 2.1 (high capacity rate column). Figure
2.8(d) illustrates the capacity retention of both samples after 50 cycles from 0 to 3 V versus Li/Li+
at a current density of 400 mAg-1. After the first five formation cycles, specific capacities of 473
and 740 mAhg-1 were maintained at 478 and 709 mAhg-1 after 55 cycles at 400 mAg-1 for x = 0 and
0.2, respectively. A comparison between x = 0, 0.5, 0.15, 0.2, 1 samples is given in the Figure 2.9.
As can be seen, the cycling performances of x = 0.15 and 0.2 are close to each other indicating
saturation of beneficial charge storage effects in the alloy. Both anodes (x = 0.15, 0.2) show higher
capacity retentions than those of MnO/MWCNT and CoO/MWCNT, indicating the improved
performance of alloys than their non-alloyed counterparts (x = 0, 1). For instance, the x = 0.2 anode
exhibits a capacity 50 and 18 % higher than those of x = 0 and 1 respectively, at the same current
rate of 400 mAg-1 and after 55 cycles. This is despite the fact that the capacity of the CoO/MWCNT
(x = 1) anode increases upon cycling which is attributed to formation of a material with a higher
degree of oxidation and a higher theoretical capacity3, 121. The excellent stability of a similar
preliminary nanocomposite was also demonstrated in a previous study103.
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Figure 2.8. (a) First cycle charge–discharge profile of Mn1–xCoxO/MWCNT composites
for x = 0 and 0.2. (b) Voltage versus specific capacity of Mn0.8Co0.2O/MWCNT at different charge–
discharge current densities. (c) Current density dependence of the rate capability with cycling
initiated at 40 mAg-1. (d) Cycling performance for x = 0 and 0.2 initiated and maintained at 400
mAg-1 over a voltage range of 0−3 V. The first 5 cycles were considered as formation cycles.
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Figure 2.9. Cycling performance of Mn1–xCoxO/MWCNT composites with x = 0, 0.05,
0.15, 0.2 and 1. Cycling was initiated and maintained at 400 mAg-1 over a voltage range of 0−3 V.

In order to gain more insights into the role of MWCNTs in the observed high rate-capability
of our materials, the electrical resistivities of MnO/MWCNT and pristine MnO were measured
using a van der Pauw technique122, 123 at room temperature. Pellets were fabricated from dried
powders using a hydraulic press under 10,000 lb in a 12 mm diameter die. Electrical resistivities
of 1.9×107 and 3.9×10-1 Ω-cm were obtained from the averaged slopes of multiple current-voltage
curves for MnO and MnO/MWCNT samples, respectively. The 8 orders of magnitude reduction
in electrical resistivity of the MnO/MWCNT sample at a MWCNT loading of 40 wt% compared
to our pure MnO indicated that nucleating electrochemically active nanomaterials onto MWCNTs
is an effective strategy to boost electrical conductivity of conversion-reaction anode materials. The
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measured electrical resistivity of our pristine MnO is in close agreement with the bulk value (1×109
Ω-cm) 7. The improvement due to MWCNTs is further illustrated by comparison with the cycling
performance of MnO and Mn0.8Co0.2O without MWCNTs, where inferior capacities of 273 and
176 mAhg-1 are retained after 50 cycles at a current rate of 400 mAg-1 (Figure 2.10). Thus, the
addition of MWCNTs increases the capacity retention at an application-relevant charge discharge
rate of 400 mAg-1 by 1.75 and 2 times for x = 0 and 0.2 anodes, respectively.

Figure 2.10. (a) XRD patterns and (b) cycling performance of MnO and Mn0.8Co0.2O
samples without MWCNTs. (a) The XRD peaks were assigned to cubic MnO according to JCPDS
No. 01-077-2929 with a space group of Fm3� m (225). Small peaks indicated by asterisks do not

readily index as MnO2 or Mn3O4, and likely result from unidentified complex manganese oxide
phases formed during the synthesis. We note that MnO has a lower theoretical capacity (755 mAhg1

) than Mn3O4 (936 mAhg-1) and MnO2 (1230 mAhg-1), therefore these minor phases do not alter

our conclusions based on comparison of these samples with our Mn1–xCoxO/MWCNT composite
anodes. Cycling was initiated and maintained at 400 mAg-1 over a voltage range of 0−3 V. The
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low performances of the samples without MWCNTs demonstrates the beneficial role that
MWCNTs play in the improvement of these materials by increasing the electrical conductivity.

It should be noted that because the MWCNT weight ratio and oxidation degree play
important roles in determining the electrical conductivities of the samples, obtaining a correlation
between these variables requires further study. In addition, the effectiveness of the Co substitution
can be clearly observed by comparing the electrochemical performance of x = 0 and 0.2 samples
as the specific capacity of the Co-alloyed sample is 3.1 times higher than that of the sample without
Co at the highest measured current density of 1600 mAg-1. This improved performance of the Cocontaining samples likely arises due to possible synergistic interactions between Mn and Co in the
structure because both MnO7 and CoO4 have similar theoretical capacities of 755 and 716 mAhg1

, respectively.
The mechanism responsible for improvement through Co-alloying can be better understood

through electrochemical impedance spectroscopy (EIS) analysis. The EIS results reveal that Coalloying facilitates the charge transfer in the composite electrode, as a smaller charge transfer
resistance of 315 Ω was obtained for the sample with x = 0.2 compared to 700 Ω for x = 0 (Figure
2.11 and Table 2.2). To the best of our knowledge, there is no reported computational study
describing the physical mechanism responsible for the experimentally observed synergistic effect
of Co-alloying on the electrical properties of MnO. However, several experimental studies124-129
have reported improved electrochemical performances of other phases of manganese oxides by
Co-alloying due to enhanced charged transport in the electrode and electrical conductivity of the
material. The results of these studies including the present work stress the need for a
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comprehensive computational investigation in order to identify fundamental changes in the
electronic properties of manganese oxides due to Co-incorporation.

Figure 2.11. Nyquist plot for MnO/MWCNT (red square) and Mn0.8Co0.2O/MWCNT (blue
triangle). The inset indicates the equivalent circuit.

Table 2.2. Electrochemical impedance spectroscopy analysis of Mn1–xCoxO/MWCNT for
x = 0, 0.2. The equivalent circuit used to obtain these adjustable parameters is given in Figure 2.11.
The smaller value of charge transfer resistance (R3) observed for x = 0.2 is attributed to charge
transport facilitation arising from cobalt alloying.
Adjustable Parameters Obtained from EIS

MnO/MWCNT

Mn0.8Co0.2O/MWCNT

R1, electrolyte resistance

95 Ω

40 Ω

R2, solid electrolyte interphase (SEI) resistance

440 Ω

150 Ω

R3, charge transfer resistance

700 Ω

315 Ω
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ZW, Warburg diffusion impedance

2.014 mΩ

6.083 mΩ

C1, SEI capacitance

0.020 mF

0.075 mF

C2, cell capacitance

0.50 mF

1.50 mF

2.5. Conclusion
In summary, Mn1–xCoxO nanoparticles were synthesized directly on oxidized multiwalled
carbon nanotubes which were subsequently reduced thermally. Structural characterization
suggested that the Co incorporated into the MnO structure and no secondary phases were observed
up to x = 0.15. The improvement in the specific capacity of the composite electrode at charge–
discharge rates up to 1600 mAg-1 suggests that the method used here can be crucial in the
modification of highly insulating earth-abundant materials such as MnO, making them promising
candidates for battery applications3, 130. In addition to the experimental work described in refs.8,
103, 131, 132

, further detailed investigations are still needed to clear the pathway for the (Mn,Co)O-

based materials to reach their optimum potential in practical applications. For instance, the
electrochemical contribution of each individual metal oxide and their interactions as an alloy are
yet to be understood. The obtained results suggest future computational investigations are
necessary to fully understand the role of Co-alloying in improving the charge transport. Identifying
the effects of synthesis parameters such as the degree of oxidation of the MWCNTs, the active
material to MWCNT weight ratio, and the annealing temperature can optimize the performance of
the composite anode. Alloying with other transition metal oxides or alkali and alkaline earth metals
will offer the possibility to further increase the electrochemical performance of MnO-based
nanocomposite anode materials.
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CHAPTER 3: Defect Engineering in MoO3-x: Investigations of Formation Mechanism and
Oxygen Reduction Reaction Application *,†
3.1 Background
The unique properties of Mo-based oxides including high electrochemical activity and
mechanical and thermal durability make them ideal materials for development of many
applications including efficient electrochemical energy storage systems9. Molybdenum oxidizes
exist in a wide variety of structures and stoichiometries133. Among these, α-MoO3 is layered with
an orthorhombic structure15 and monoclinic MoO2 is known for high electrical conductivity134.
Previous studies on these materials have been carried out in the fields of Li-ion batteries12,
supercapacitors9, 15, hydrogen evolution reaction11, and catalysis14. The layered orthorhombic αMoO3 with multiple oxidation states is particularly attractive because of its potential for ion
intercalation135, and its high work function (6.6 eV)136 useful for organic light emitting diode
(OLED)137-140 applications.
MoO3 is a highly redox-active material as multiple valence states (Mo6+, Mo5+ and Mo4+)
have been reported to exist as a function of electrochemical potential135, 141-143, or by oxidation
catalysis through interactions with methyl radicals144. Further reduction of Mo5+ to Mo4+ has been
reported to occur through formation of a not fully-described intermediate specie by
electrochemical electron transfer coupled with a chemical reaction135, 143. It has been reported that
upon heating α-MoO3 under vacuum for a long period of times (100 h at 700°C) a series of

Reproduced in part with permission from Sajad Yazdani, Raana Kashfi-Sadabad, Tran Doan Huan, Mayra Daniela
Morales-Acosta and Michael Thompson Pettes, "Polyelectrolyte-assisted oxygen vacancies: A new route to defect
engineering in molybdenum oxide" Langmuir 34(21), 6296–6306 (2018),
https://doi.org/10.1021/acs.langmuir.8b00539. Copyright 2018 American Chemical Society.
†
Density functional theory calculations was performed by Dr. Huan Tran at the University of Connecticut.
*
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intermediate reduced MnO3n-1 stoichiometries such as Mo4Ol1145, Mo17O47, and Mo8O23 are feasible
with the most reduced form being MoO2133. Formation of these reduced species involves a lattice
rearrangement from corner-shared octahedra to an edge-shared octahedra with a shear structure133,
146

. Spevack and McIntyre146 reported that temperatures near 730°C were required in order to

reduce MoO3 thin films, originally synthesized at a low temperature (250°C), to MoO2. Inzani and
co-workers147 investigated reduction of MoO3 powders and solution-processed films under dilute
(5%) hydrogen gas. Shear defects, nucleation and growth of reduced phases within the MoO3
matrix were investigated. They reported that extended planar defects within the films acted as
nucleation sites for Mo4O11. Restructuring of the films upon reduction, in order to accommodate
oxygen vacancies, was observed.
α-MoO3 becomes an n-type semiconductor by presence of oxygen vacancies as an oxygen
vacancy is a shallow donor in MoO3 making MoO3-x a degenerate n-type semiconductor136.
Furthermore, the presence of oxygen vacancies has been shown to substantially alter
physiochemical properties of MoO3 such as optical properties16, 148 and electrical conductivity149151

. Additionally, oxygen vacancy formation can increase interlayer distances16, which can

potentially lead to improvement of electrochemical performance. Upon reduction of Mo6+ to Mo5+,
an additional conduction band above the valence band is formed through Mo5+─Mo6+
interactions152. An additional charge carrier inserted into this conduction band causes a coupled
lattice-electron distortion called polaron152, 153. A systematic shift of this polaron intervalence band
in optical absorption spectra from 2.48 to 2.11 eV has been correlated to a decrease of the metal
to oxygen ratio152, 154.
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The layered structure of α-MoO3 consists of corner-sharing MoO6 octahedra. This structure
includes three oxygen atoms: symmetric (Os), asymmetric (Oa), and terminal or bridging (Ot). Oa
forms a long (2.25 Å) and a short (1.73 Å) asymmetric bond with two Mo atoms in the same
sublayer and has 2-fold symmetry, whereas Os contains 3-fold rotational symmetry with two equal
bonds (1.95 Å) to Mo atoms in the same sublayer and a longer (2.33 Å) bond with a Mo atom in
an adjacent sublayer. The shortest bond (1.67 Å) is Mo-Ot with only one Mo atom which is
perpendicular to the stacking direction15, 155-158. Kim and Dunn et al. 15 investigated the effects of
oxygen vacancies on the structure, chemistry, and charge storage properties of MoO3-x. Using
density functional theory (DFT) calculations, they found that a vacancy at oxygen terminal Ot site
with two Mo5+ ions (bipolaron) near the defect center has the lowest formation enthalpy, and that
formation of a Mo4+ polaron at the Ot site required slightly (0.19 eV) higher energy than bipolaron
Mo5+. Their calculations indicated that vacancy formation at asymmetric Oa and symmetric sites
Os were less favorable with energies of 1.17 eV (for Oa, Mo4+ polaron) and 2.09 eV (for Os, Mo5+
bipolaron) higher than that of the Ot site with two Mo5+ ions (bipolaron). The reduced MoO3-x
retained the original structure during lithiation and delithiation, where incorporation of oxygen
vacancies caused a larger interlayer spacing and led to faster charge transfer kinetics and higher
specific capacity compared to the fully oxidized MoO315. In addition, Ot vacancies have been
shown to be the catalytic active sites for various reactions including methane oxidation159, H2O
and CO adsorption160, hydrogen adsorption158, 161, methyl adsorption161, and reduction of NO162.
Therefore, oxygen vacancies essentially determine physical properties as well as chemical
activities of molybdenum oxides which is critical for many applications. This necessitates
exploring and discovering effective approaches for the creation of high concentrations of oxygen
vacancies in molybdenum oxides.
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Oxygen reduction reaction (ORR) is central to the development of various electrochemical
systems for energy conversion applications163, 164. Developing highly efficient catalysts for ORR
is of particular significance in the fabrication of commercial fuel cell devices and metal–air
batteries165. One of the main challenges in the development of such devices with acceptable costeffective and energy-efficient characteristics is to find an ideal electrocatalyst for oxygen reduction
at the cathode166. Nevertheless, electrocatalytic control of the reduction process for gas-phase
oxygen is still limited due to slow ORR kinetics which, in turn, is caused by difficult absorption,
bond activation, bond cleavage, and removal of oxygen at the solid-gas interface165. The slow
kinetics of ORR can be overcome through the use of precious noble metal-based catalysts,
particularly Pt, which increases the cost significantly. Numerous studies have been conducted on
Pt-free catalysts such as transition metal oxides, chalcogenides, nitrides, and oxynitrides165, 167.
However, the catalytic activity and durability of the existing ‘beyond platinum’ ORR catalysts are
not adequate to an extent that would allow them to replace Pt-based catalysts.
ORR is a reaction that mainly occurs on the surface of the catalyst due to limited oxygen
diffusion into the bulk material. As a result, any effort for an improvement should be achievable
by modification of the surface chemistry. Liang and Müllen et al.168 reported a collection of
mesoporous metal-based ORR catalysts including cobalt/iron–nitrogen-doped carbon by
employing vitamin B12 and polyaniline–Fe complexes as precursors. The high ORR activity of the
mesoporous catalysts was attributed to their high surface area, and uniform distribution of metal
and nitrogen active spots. To have the maximum effectiveness, the samples in our work were made
mesoporous with surface areas greater than 50 m2g-1. A high surface area ensures the maximum
oxygen accessibility to the catalyst. The electrical conductivity is another factor that plays a crucial
role in the ORR activity of catalysts. Graphene supported metal-based catalysts are one of the most
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effective means to significantly improve the mechanical and electrical properties as well as surface
area169-171.

In

the

present

work,

we

report

that

the

interaction

between

poly(diallyldimethylammonium chloride) (PDDA) and α-MoO3 is capable of inducing these
vacancies. Additionally, a new mechanism is proposed in order to explain the reduction reaction
pathway between the charged polymer and the metal oxide surface using experiments and DFT
calculations.
Furthermore, reduced graphene oxide (rGO) was used as the conductive support and
current collector for the mesoporous catalysts. We combine mesoporous MoO3 with rGO into a
single composite without spoiling the porous mesostructure. Poly(diallyldimethylammonium
chloride) (PDDA) was used to create a strong interaction between the rGO support and
mesoporous catalysts, as it induces positive charges on rGO172 causing a strong electrostatic
attraction towards mesoporous MoO3 samples with negative charges.
The results of the DFT calculations supported by experimental observations indicated that
the presence of oxygen vacancy sites can greatly enhance the activity by lowering the dissociation
energy of ORR intermediate species which are otherwise restricted by stiff Mo─O bonding.
3.2 Methods
3.2.1 Chemicals
Pluronic P123 triblock poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) copolymer (Mw = 5800, EO20PO70EO20), 1-butanol (anhydrous, 99.8%), tetraethyl
orthosilicate

(TEOS),

hydrochloric

acid

(HCl,

37%),

ethyl

alcohol

(CH3CH2OH),

phosphomolybdic acid (PMA, H3PMo12O40·xH2O), poly(diallyldimethylammonium chloride)
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(PDDA) were purchased from Sigma-Aldrich Co. LLC. Hydrofluoric acid (HF, 49%) was
purchased from Fischer Scientific Co. LLC. All chemicals were used as received.
3.2.2 Synthesis of mesoporous MoO3
Based on a previously described procedure173, mesoporous silica SBA-15 was produced by
hydrothermal synthesis a temperature of 100°C for 24 h. 4.4 g of PMA, as the Mo precursor, was
impregnated into the channels of SBA-15 (1 g) already dispersed in 25 g of ethanol. The mixture
was vigorously stirred for 3 h at room temperature. The nanocasting process was utilized through
solvent evaporation173, 174 of ethanol inside a petri dish placed at 60°C for 12 h. The obtained
PMA/mesoporous silica nanocomposite (PMA@SBA-15) was calcined in air at 550°C with a rate
of 1 °Cmin-1 for 4 h. The silica template in the obtained nanocomposite was removed through
etching in a 4% HF aqueous solution.
3.2.3 Synthesis of MoO3-x
200 mg of mesoporous MoO3 was dispersed in a solution of 200 mL of water:ethanol vol%
1:1. Then 100 μL of PDDA was added to the above solution. The mixture was intensely stirred for
24 hours at room temperature. The PDDA/MoO3 product was obtained by centrifugation and dried.
The final samples were obtained by annealing at 400 and 600°C under Ar (100 sccm) and 5%
H2/95% Ar (20 sccm) for 3 hours with a ramp of 1 °Cmin-1.
3.2.4 Synthesis of mesoporous MoO3 electrocatalysts
In accordance with established procedures173, 175, mesoporous silica SBA-15 and KIT-6
hard templates were prepared over the period of 24 hours under hydrothermal conditions at a
temperature of 100 °C. A solvent evaporation induced impregnation process174, 176 was used to
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incorporate the PMA precursor into the channels of mesoporous silica similar to the common
practice in nanocasting processes. 4.4 g of PMA powder were dispersed in 25g of ethanol followed
by the addition of 1 g of SBA-15 template to the solution. The mixture was then stirred intensively
at room temperature (20–30°C) for 3 h, before transferring it to a petri dish to be dried at 60°C for
12 h until all of the ethanol evaporated. The obtained PMA/mesoporous silica powder (denoted as
PMA@SBA-15) was then transferred into a crucible, heated to 550°C at the rate of 1°C/min, and
kept in those conditions for 4 h, producing a MoO3/mesoporous silica powder (denoted as
MoO3@SBA-15). The silica SBA-15 template in the MoO3@SBA-15 composite was removed by
etching in hydrofluoric acid (4%, aqueous solution). While it may be possible that a small quantity
of molybdenum oxide is dissolved in HF, our observation was that MoO3 was stable in 4% HF
aqueous solutions for a period of more than 6 hours. A similar procedure was used to prepare
ordered mesoporous MoO3@KIT-6 samples, except that the SBA-15 template was replaced with
an equal amount of KIT-6. The resultant silica template-free powders of MoO3 nanocast from KIT6 and SBA-15 are denoted as MoO3–KIT-6 and MoO3–SBA-15, respectively.
3.2.5. Synthesis of graphene-wrapped MoO3–SBA-15
A modified Hummers’ method102, 120 with a lower concentration of oxidizing agent was
used to synthesize graphene oxide. The rGO/MoO3–SBA-15 composite (denoted rGMS) was
obtained via an electrostatic interaction between poly (diallyldimethylammonium chloride)
(PDDA)-modified graphene oxide and metal oxides in aqueous solutions. In accordance with the
procedure described by Chang et al.,177 0.1 mL of a 20 wt% PDDA solution was first mixed into
40 mL of graphene oxide solution with concentration of 0.5 mL/mg and the mixture was sonicated
for 1 h until a transparent solution was obtained. After diluting the solution to 100 mL, 200 mg of
mesoporous MoO3–SBA-15 was sonicated into 100 mL of ethanol. Then, the mesoporous MoO3–
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SBA-15 solution (negatively charged) was mixed with 100 mL of graphene oxide solution
(positively charged) and stirred for 12 h. After filtering and drying, the as-prepared GO/MoO3–
SBA-15 composite was thermally reduced at 400°C and 600°C with a rate of 1 °C/min and kept
for 2 h at these temperatures in an Ar. Finally, the black-colored products of the reduced samples
were obtained. Because MoO3 is partially reduced during the annealing process, the abbreviation
MoO3-x is used to refer to the mixed-phase composites. The products rGO/MoO3-x–SBA15-400°C
and rGO/MoO3-x–SBA15-600°C are subsequently denoted as rGMS-400 and rGMS-600.
3.3 Characterization
A Bruker D2 Phaser with Cu Kα radiation (λ = 1.54184 Å) with an operating voltage and
current of 30 kV and 10 mA at room temperature was used in order to perform powder X-ray
diffraction (XRD) analysis. Quantitative determination of the phase composition was obtained
through Rietveld refinement of the XRD patterns using MDI Jade software. The peak profile and
background were fitted using a pseudo-Voigt and polynomial functions, respectively. Nitrogen
adsorption-desorption isotherms were obtained at -196°C on a Quantachrome Instruments NOVA
2000e®. The degassing process was performed at 150°C under vacuum for a period of 6 h and the
Brunauer–Emmett–Teller (BET) method was used in order to calculate the specific surface areas.
The pore-size distributions of the samples were obtained by using the Barrett–Joyner–Halenda
(BJH) method. Phase contrast transmission electron microscopy (TEM), selected area electron
diffraction (SAED), and energy dispersive X-ray spectroscopy (EDS) were performed using a
JEOL 2010 FasTEM at 200 kV. X-ray photoelectron spectroscopy (XPS) analysis was conducted
on a PHI Model 590 spectrometer with multipoles (Φ Physical Electronics Industries Inc.), with
Al Kα radiation (Ephoton = 1486.6 eV). A TA Instruments Hi-Res TGA Q500 thermogravimetric
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analyzer was used to perform thermal gravimetric analysis (TGA) from 25 to 800°C at a heating
rate of 10 °Cmin-1 and a flow rate of 60 mLmin-1 under air and nitrogen. TGA analysis on
copper(II) oxalate hemihydrate (98%, Alfa Aesar No. A15365) under N2 in order to make sure
there was no leakage in the TGA furnace. This was confirmed by observing no oxidation in the
TGA analysis as shown in Figure 3.1. In addition, the error due to weight loss measurements was
obtained by performing the TGA analysis of Pt under Air and N2. The maximum error
corresponding to the weight difference at 600°C was calculated as x = ±0.005. A TA Instruments
SDT Q600 was used in order to perform differential scanning calorimetry (DSC) analysis on the
samples from room temperature to 1200°C at a rate of 10 °Cmin-1 under Ar with a flow rate of 100
mLmin-1. Zeta potential measurements were conducted on a Malvern Instruments Ltd Zetasizer
Nano ZS.

Figure 3.1. (a) Thermogravimetric analysis (TGA) of copper(II) oxalate hemihydrate 98%,
Alfa Aesar No. A15365 under N2. (b) TGA analysis of Pt under air and N2. The TGA analysis of
Copper(II) oxalate hemihydrate with no oxidation confirms there is no leakage in the TGA
instrument. The weight difference between Pt analysis in air and N2 was used as the error in the
MoO3-x weight loss measurements by TGA, where we obtain a confidence value in x of ±0.005.
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3.4 Electrochemical measurements
The electrochemical measurements were carried out at room temperature in a threeelectrode glass cell connected to a CH Instruments 760E electrochemistry workstation. A graphite
rod was used as the counter electrode and a saturated calomel electrode (SCE) was used as the
reference electrode. The potential was calibrated with respect to a reversible hydrogen electrode
(RHE) by experimental measurements using two Pt electrodes and working and counter electrodes
in a hydrogen-saturated solution. To prepare the working electrode, 4 mg catalyst, 1 mg carbon
black, 200 uL ethanol, 800 uL DI-water and 50 uL nafion solutions were mixed and ultrasonicated
for at least 1 h to form a homogeneous catalyst ink. Afterward, 10 µL of this ink was drop-cast
onto the 5 mm-diameter glassy carbon rotating disk electrode (RDE, Pine Instruments) and dried
under an infrared lamp for 30 min, yielding a catalyst loading of ~0.255 mg/cm2. Before the test
measurements, O2 was bubbled through the electrolyte solution to supply enough O2 reactant.
Cyclic voltammetry was ﬁrstly conducted for tens of scans with a scan rate of 50 mV/s to reach a
stable state, and linear sweep voltammetry (polarization curve) with a scan rate of 5 mV/s was
measured in 0.1 M KOH electrolyte. AC impedance measurements were carried out in the same
conﬁguration at the potential of 1.71 versus RHE from 0.1–105 Hz with an AC voltage of 5 mV.
3.5 Density functional theory calculations *
The Vienna Ab initio Simulation Package (VASP)

178

, was employed for conducting the

density functional theory (DFT) calculations by adopting a basis set of plane waves with kinetic
energies up to 500 eV. Exchange-correlation energies were obtained by using Perdew-BurkeErnzerhof functional179 for all calculations. When the atomic forces calculated during the

*

DFT calculations was performed by Dr. Huan Tran at the University of Connecticut.
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optimization fall below 0.01 eV/Å equilibrium structures were assumed. According to the method
established by ref. 179, Dudarev’s approach180 was used to describe the d electrons of Mo. U = 6.0
eV was adopted for the onsite Coulomb term. The U value may be different across materials. For
MoO3, there are a number of values used by different researchers, who adopted different numerical
details. These values include 5 eV181, 6.3 eV156, 182, 3eV and 7eV183. Here, U = 6 eV was chosen
which, when combining with other details of the numerical scheme, produces reasonable geometry
with respect to the experimental data. Using the optB88-vdW functional184, 185, the dispersion van
der Waals interaction was calculated. Rozzi and co-workers186 used a different approach with tight
binding LMTO-ASA program with LDA.
For the polaron (Mo4+) and bipolaron (2 × Mo5+) configurations, we adopted the procedure
described in ref. 187, i.e. intentionally localizing/delocalizing the electron density at the interest Mo
sites. Bulk MoO3 models were constructed based on a 3×1×3 supercell of MoO3. In order to model
MoO3 slabs, a vacuum layer in 10 Å thickness was appended to the bulk models, which uncovered
Ot atoms on the (010) surface, and to suppress the interactions along the y-direction. This is the
most stable surface of MoO3 because of its layered structure. PDDA-MoO3 interaction was
assumed to be on this surface. The relaxed lattice parameters of a = 3.930 Å, b = 13.951 Å, and c
= 3.711 Å were consistent with those reported in Ding et al.

184

Based on the performed Bader

charge analysis, the charge for Mo6+, Mo5+, Mo4+were obtained as 2.11e, 2.66e, and 3.12e,
respectively. For these results, we note that we used 6 valence electrons for Mo.
3.6. Oxygen vacancy formation due to the PDDA polyelectrolyte interaction
Mesoporous samples offer higher surface areas accessible for introduction of oxygen
vacancies suitable for surface-chemistry related applications188. Thus, the nanocasting method
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using a SBA-15 silica hard template173 was adopted in this work in order to effectively enhance
the surface area of the samples. Figure 3.2 shows TEM analysis of the templated sample after
calcination at 550°C in air and removal of silica SBA-15 template − subsequently denoted as fully
oxidized O-MoO3. A comparison between the TEM images of SBA-15 and O-MoO3, indicate that
the hexagonally aligned nanowire structure of the parent template has been replicated, as shown
in Figure 3.2a,b. The BET surface areas were obtained as 529 and 50 m2g-1 for the SBA-15 silica
hard template and O-MoO3, respectively. The BJH pore size distributions of the SBA-15 and OMoO3 were focused at 5.4 and 7.2 nm, respectively.
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Figure 3.2. Transmission electron microscopy (TEM) analysis of SBA-15 silica hard
template and mesoporous fully oxidized O-MoO3. TEM images of mesoporous (a) SBA-15 and
(b) O-MoO3. (c) High resolution TEM of O-MoO3 and (c, inset) fast Fourier transform (FFT). (d)
Selected area electron diffraction (SAED) pattern along the [11� 2] zone axis for O-MoO3.
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The selected area electron diffraction (SAED) patterns and high resolution TEM of OMoO3 are shown in Figure 3.2c,d. SAED patterns were assigned to the orthorhombic phase of
MoO3 along the [11� 2] zone axis, and the phase contrast image revealed that the sample was well

crystallized. The EDS spectra of the mesoporous sample (Figure 3.3) displays strong signals from
elemental Mo and O with no signals from silicon, or other detectable impurities indicating the
complete removal of the SBA-15 silica template after the HF etching process.

Figure 3.3. Energy dispersive X-ray spectroscopy (EDS) spectrum of O-MoO3. The C and
Cu peaks arise from beam interactions with the grid and sample holder. No peak from Si was
detected, indicating the complete removal of the SBA-15 silica hard template.

Figure 3.4 demonstrates the high angle XRD patterns for all samples. O-MoO3 refers to the
fully oxidized mesoporous sample templated by SBA-15, calcined at 550°C in air, and released by
HF etching. By annealing the fully oxidized O-MoO3 sample at 400 and 600°C under Ar or
5%H2/95%Ar, MoO3-x–400 and MoO3-x–600 samples are obtained, respectively. The XRD

56

patterns of the samples annealed under Ar (Figure 3.4a) were referenced to an orthorhombic αMoO3 with a space group Pbnm (space group 62) according to powder diffraction file #05-0508.
From a comparison between the XRD patterns of MoO3-x–400 and O-MoO3 it can be found that
annealing under Ar (400 and 600°C, 3 h) did not result in a full conversion of oxidized MoO3 to
other stoichiometries of the metal oxide. The weak peaks for MoO3-x–600 are indexed to an
orthorhombic phase of Mo4O11 (Pna21, space group 33, powder diffraction file #84-0687) and to
a triclinic phase of Mo18O52 (P-1, space group 2, powder diffraction file #74-1664), indicating
weak reduction at 600°C – and negligible reduction at 400°C – occurs by thermal annealing. The
Rietveld quantitative phase analysis indicates that the MoO3-x–600 sample contains 55.8, 33.1 and
11.1 wt% of MoO3, Mo18O52 and Mo4O11, respectively. In contrast, the XRD patterns of the
oxidized O-MoO3 sample indicate significant reductions of MoO3 to MoO3-x when thermally
reacted with PDDA polyelectrolyte. These samples are denoted as MoO3-x–PDDA-400 and MoO3x–PDDA-600

where Ar annealing was performed at 400 and 600°C, respectively. MoO3-x–PDDA-

400 pattern corresponds to the orthorhombic phase of MoO3 (84 wt%) and the monoclinic phase
of MoO2 (16 wt%). MoO3-x–PDDA-400 shows changes in the orientation of crystal planes along
[020], [040] and [131] directions. Peak intensity ratios I[040]/I[110] = 1.9, I[020]/I[110] = 1.3, and
I[131]/I[110] = 0.9 were measured for the MoO3−PDDA-400 whereas values I[040]/I[110] = 1.0,
I[020]/I[110] = 1.0 and I[131]/I[110] = 0.4 were obtained for the O-MoO3 sample. However, by increasing
the annealing temperature to 600°C (sample MoO3-x–PDDA-600), the XRD pattern indicates the
presence of Mo4O11 (61.4 wt%), MoO2 (28.3 wt%) and Mo18O52 (2.21 wt%), as indicated in Figure
2. The results of XRD analysis demonstrate the strong oxygen reduction of the oxidized sample
triggered by using a PDDA polyelectrolyte to enhance the thermal reduction reaction rate.
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Figure 3.4. X-ray diffraction (XRD) analysis reveals routes to creating sub-stoichiometric
MoO3. XRD patterns for the mesoporous fully oxidized O-MoO3, oxidized samples annealed
under Ar without PDDA polymer (MoO3-x–400 and MoO3-x–600) at 400 and 600°C under Ar
respectively, and oxidized samples annealed under Ar with PDDA polymer (MoO3-x–PDDA-400
and MoO3-x–PDDA-600) at 400 and 600°C under Ar respectively. (b) XRD patterns of MoO3-x–
600 (sample with no PDDA) and MoO3-x–PDDA-600 (sample with PDDA) annealed under 5%
H2/95% Ar at 600°C. The weak peak at 2θ = 23.4° (asterisks) is due to K-beta emission from the
copper anode of the X-ray diffractometer.
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Exhibiting more intense reduction compared to the samples annealed under Ar at the same
conditions, the XRD patterns of the samples annealed under H2-containing gas (5% H2/95% Ar)
indicated that both samples without and with PDDA were fully reduced to MoO2 at 600°C for 3 h
(Figure 3.4b).
The degree of reduction of the samples were calculated based on TGA analysis. The
difference between the weight loss under air (assuming saturation to the fully oxidized O-MoO3)
and nitrogen (representing the reduced form, MoO3-x) atmospheres were used to calculate the
amount of vacancies, as illustrated in Figure 3.5. The sub-stoichiometry concentration x is
calculated from the balance equation
Mw(MoO3) = (1+[(% mass loss or gain in air)–(% mass loss in N2)]/100)×Mw(MoO3-x), (3.1)
where Mw refers to the molecular weight. Table 3.1 contains the detailed information on thermal
treatment conditions, Rietveld quantitative phase analysis and the sub-stoichiometry parameter x
of the samples. For the oxidized samples reduced without the use of PDDA polymer, MoO3-x–400
and MoO3-x–600, the degrees of vacancies were calculated as x = 0.01, 0.03, respectively. This
demonstrates negligible reduction of MoO3 in the absence of PDDA. In contrast, degree of
reduction of x = 0.14 (MoO2.86) and 0.36 (MoO2.64) were obtained for the reduction of oxidized
samples with the use of PDDA after thermal annealing at 400°C (MoO3-x–PDDA-400) and 600°C
(MoO3-x–PDDA-600), respectively. The weight loss due to PDDA decomposition is not observed
as it was previously removed during the annealing process confirmed by TGA analysis of PDDA
shown in Figure 3.6.
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Figure 3.5. Thermogravimetric analysis (TGA) indicates PDDA treatment is effective
reduction of MoO3. Air and nitrogen TGA analysis of: (a) O-MoO3 (sample without PDDA), (b)
MoO3-x–PDDA-600 (sample with PDDA) annealed under Ar at 600°C, (c) MoO3-x–600 (sample
without PDDA) annealed under 5%H2/95%Ar at 600°C, and (d) MoO3-x–PDDA-600 (sample with
PDDA) annealed under 5% H2/95% Ar at 600°C. Using the comparison between the weight
loss/gain in air and nitrogen, the value of x is quantified according to equation (3.1). Prior to TGA
characterization, both samples were annealed under the specified gas at 600°C for 3 hours. For this
reason, weight loss due to PDDA decomposition did not appear in the obtained data as the
polyelectrolyte was removed during the annealing process. Therefore, any weight loss/gain can be
ascribed to oxygen sub-stoichiometry.
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The TGA analyses indicated the PDDA interaction significantly enhanced the oxygen substoichiometry concentrations under both Ar and 5% H2/95% Ar atmospheres. Figure3.5c and 3.5d
compare the TGA analysis of the samples without and with PDDA, respectively, both pre-annealed
under the H2-containing gas. It was observed that using PDDA polyelectrolyte enhanced the
weight difference between the oxidized and the reduces samples from 7.43 to 12.18% under 5%
H2/95% Ar at 600°C. Similar enhancement was seen from 3.06 to 8.2 at 400°C.
As calculated in Table 3.1, the sub-stoichiometry parameter x in MoO3-x increased from
0.03 to 0.36 by using PDDA under Ar, and from 0.62 to 0.98 by using PDDA under 5% H2/95%
Ar gas. The results of TGA analysis are in agreement with our conclusions based on the XRD data.
The reduction of samples with PDDA was further witnessed by differential scanning calorimetry
(DSC) analysis showing a disappearance of the endothermic peak corresponding to the MoO3
melting point at 798.6°C (Figure 3.6a).
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Table 3.1. Detailed annealing conditions, Rietveld refinement phase analysis and oxygen
sub-stoichiometry concentration “x” in MoO3-x determined by thermogravimetric analysis as given
by equation 3.1.
Annealing conditions
Sample ID

Temperature

Rate

(°C)

(°C min-1)

O-MoO3

550

MoO3-x–400

x (±0.005)

Rietveld refinement

Annealing

based on
Time (h)

gas

1

4

Air

100%

--

--

--

0.00

400

1

3

Ar

100%

--

--

--

--

600

1

3

Ar

55.8%

33.1%

11.1%

--

0.03

400

1

3

Ar

84.0%

--

16.0%

--

600

1

3

Ar

--

61.4%

10.3%

28.3%

0.36

600

1

3

--

--

--

100%

0.62

--

--

--

100%

0.98

MoO3

Mo18O52 Mo18O52

MoO2

TGA

MoO3-x–600

MoO3-x–PDDA-400
--

MoO3-x–PDDA-600

5%H2/95%
MoO3-x–600

Ar
MoO3-x–PDDA-600

5%H2/95%
600

1

3
Ar
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Figure 3.6. (a) Differential scanning calorimetry (DSC) analysis under argon showing the
disappearance of the endothermic phase transition corresponding to melting point of MoO3
towards higher temperatures in reduced samples MoO3-x–PDDA-400 and MoO3-x–PDDA-600 as
compared to the fully oxidized O-MoO3. This disappearance is due to higher melting points of
MoO3-x and MoO2 compared to MoO3 (measured at 798.6°C for O-MoO3). (b) Thermal
gravimetric analysis (TGA) of the PDDA polyelectrolyte indicating its decompositions under air
and nitrogen atmospheres.

X-ray photoelectron spectroscopy (XPS) was employed in order to quantify the oxidation
states in O-MoO3, MoO3-x–PDDA-400, and MoO3-x–PDDA-600 samples (Figure 3.7). The survey
XPS is shown in Figure 3.8. The results indicated that MoO3 involved only peaks assigned to Mo6+
in accordance to the XRD analysis. The high-resolution XPS analysis of MoO3-x–PDDA-400 and
MoO3-x–PDDA-600 exhibited peaks assigned to both Mo4+ and Mo5+ which is a clear sign of
reduction in these samples. The XPS surface area ratios of molybdenum oxidation states were
calculated as Mo4+/Mo6+ = 1.0 and Mo5+/Mo6+ = 3.3 for the MoO3-x–PDDA-400 sample reduced at
400°C, showing that its surface consisted primarily of v·O vacancy sites (v·O refers to an oxygen
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vacancy with a single positive charge according to Kröger-Vink notation). Area ratios of
Mo4+/Mo6+ = 3.7 and Mo5+/Mo6+ = 2.6 were obtained for the MoO3-x–PDDA-600 sample reduced
at 600°C suggesting that v··
O sites form the majority of the vacancy species when higher annealing
temperatures are used (v··
O refers to an oxygen vacancy with two positive charges according to
Kröger-Vink notation). The area ratio of Mo4+ in MoO3-x–PDDA-600 to Mo4+ in MoO3-x–PDDA400 was calculated as 2.7. Thus, as annealing temperature increases from 400 to 600°C, the ratio
of Mo4+ increases significantly. This indicates that creation of Mo4+-v··
O vacancy complexes likely
requires higher thermal energies. The fitting parameters for XPS Mo6+, Mo5+, and Mo4+ 3d3/2 and
3d5/2 spectral data and peak area ratios were compared with previous studies173, 189 as presented in
Table 3.2.
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Figure 3.7. X-ray photoelectron spectroscopy (XPS) indicates valence state of oxygen
vacancy defects created by metal oxide/PDDA interaction. Deconvolved Mo 3d XPS spectra of
pure mesoporous fully oxidized O-MoO3 and of reduced MoO3-x–PDDA-400 and MoO3-x–PDDA600 samples.
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Figure 3.8. Survey X-ray photoelectron spectroscopy (XPS) spectra of the fully oxidized
O-MoO3, reduced MoO3-x–PDDA-400, and reduced MoO3-x–PDDA-600 samples.
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Table 3.2. Fitting parameters for XPS Mo6+, Mo5+, and Mo4+ 3d3/2 and 3d5/2 spectral data
and peak area ratios.

Mo6+ 3d3/2

Sample

Mo6+ 3d5/2

Mo5+ 3d3/2

Mo5+ 3d5/2

Mo4+ 3d3/2

Mo4+ 3d5/2

binding area binding area binding area binding area binding area binding area
energy (%) energy (%) energy (%) energy (%) energy (%) energy (%)
(eV)

O-MoO3

(eV)

(eV)

236.34 40.0 233.20 60.0

--

(eV)
--

--

(eV)
--

--

(eV)
--

--

--

MoO3-x–PDDA-400

236.89 7.62 233.20 11.4 234.84 24.8 231.50 37.2 232.99 7.58 229.13 11.4

MoO3-x–PDDA-600

236.77 5.47 233.35 8.2 234.66 14.4 231.21 21.6 232.41 20.1 229.12 30.2
233.42 60.1

MoO3-x, Inzani et al.190

--

--

232.22 39.4
--

--

--

--

MoO3-x, Scanlon et

231.49
235.63

--

232.48

--

229.82 0.5

232.01 13.8

233.25 86.2

--

al.189

--

--

--

228.29
--

(MoO2)

-(MoO2)

In order to explain the strong reduction of MoO3 by the PDDA polyelectrolyte, we propose
the following mechanism obtained through theoretical modeling. The interface between the
polymer and α-MoO3 is illustrated in Figure 3.9a. PDDA is attracted to the surface of MoO3 by
strong electrostatic forces that originate from its electrolyte group. We have confirmed the
electrostatic interaction experimentally by a zeta potential measurement where we observed a
positive shift from -53.3 mV for O-MoO3 to -7.02 mV for MoO3-x–PDDA-400 and -8.27 mV for
MoO3-x–PDDA-600. Based on the TGA analysis of PDDA shown in Figure 3.6b, the oxygen
vacancy sites are created by absorption of Ot through decomposition of PDDA upon thermal
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annealing at temperatures above ~215°C. As a result, Ot atoms are absorbed as ionic O- and neutral
O2-, causing the creation of Mo5+-v·O and Mo4+-v··
O vacancy complexes, respectively. N─C and
N─CH3 bonds were investigated as the most possible bonds to break and absorb Ot. The energy
associate with the absorption of Ot through breaking of these bonds are shown in Figure 3.9. The
energy between the interface of PDDA and MoO3 is defined as the reference. According to our
calculations, Ot absorption through N─C bond in the pentagonal ring is the most plausible reaction
·
for formation of both the v··
O vacancy (3.37 eV) and the vO vacancy (3.30 eV).
The formation energy of oxygen vacancy polarons in the bulk and surface MoO3-x
structures have been calculated and is shown in Figure 3.10. The DFT calculations were conducted
based on the vacancy creations at Ot sites as this site advocates the lowest vacancy energy
formation compared to asymmetric Oa and symmetric Os oxygen15. Ot bonds with only one Mo
site perpendicular to the layers in the structure, whereas Oa and Os bond with two and three Mo
atoms, respectively. Our DFT calculations suggest Mo4+ and Mo5+ as the most stable defect sites
in both the surface and bulk of α-MoO3-x. The formation energy of a Mo4+-v··
O vacancy complex
was calculated as 0.22 and 0.02 eV higher than those of Mo5+-v··
O in the bulk and on the surface,
respectively. Direct comparison between the Mo4+ and Mo5+ cases is allowed as we have used a
bipolaron of Mo5+ to maintain an equal total number of electrons. The Mo5+ bipolaron
configuration is taken as the lowest energy configuration from ref.

15

. This indicates that the

formation of Mo4+ vacancies is more favorable on the surface of the material compared to within
the bulk. In addition, the slightly higher formation energy of Mo4+ compared to Mo5+ is in
agreement with our XPS analysis which indicated the formation of Mo4+ required higher thermal
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energy. The creation of oxygen vacancies on the surface is essential for metal oxide catalytic
activity where the surface is directly involved in the reaction191.

Figure 3.9. Density functional theory (DFT) calculations elucidate a pathway for PDDAassisted reduction of α-MoO3 to α-MoO3-x. (a) Interface between the PDDA polyelectrolyte
(positively charged molecule) and the surface of α-MoO3 is used as the reference state for DFT
calculations, where two monomers are modeled as the repeating unit of PDDA to minimize the
dipole-dipole interaction. (b-e) DFT calculations of the energy required for bond-breaking and
insertion of a surface oxygen atom, Ot, by a PDDA polyelectrolyte molecule in order to create (b,
c) Mo5+-v·O and (d, e) Mo4+-v··
O vacancy complexes through the breaking of (b, d) a N─CH3 bond
and (c, e) a N─C bond in the pentagonal ring of PDDA.
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Figure 3.10. DFT calculations of the internal energy of formation for oxygen vacancies in
α-MoO3-x. (a) Bulk and (b) surface bipolaron of Mo5+ and (c) bulk and (d) surface polaron of Mo4+.
The bipolaron configuration in (a,b) is based on the lowest energy configuration given in ref. 15.
The internal energy in (c,d) is referenced to that of (a,b) respectively to highlight the difference
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between Mo4+ and Mo5+ oxidation state formation, where a bipolaron of Mo5+ is used to enable
direct comparison as the total number of electrons is equal in all panels.

Furthermore, MoO3 work function was calculated 6.83 eV above the Fermi energy, which
was consistent with the results reported by Guo et al. 136 The calculated band gap of bulk MoO3
was obtained as 1.70 eV, being consistent with 1.62 eV calculated by Huang et al. 185 Both of these
results are significantly lower than the true band gap of 3.3 eV (3.0–3.3 eV136, 192) because DFT
with (semi) local XC functionals is well known to severely underestimate the solid band gap. To
better estimate this important quantity, using the HSE06 hybrid XC functional193 which is a
standard way but at a tremendously higher computational cost. The band gaps of MoO3-x were
calculated using this scheme. Figure 3.11 demonstrates the calculated density of states (DOS),
band gaps and the corresponding structures for MoO3-x with x = 0.0, 0.17, and 0.33. The actual
calculated band gap was 3.2201 eV for x = 0.0 and 2.8786 eV for x = 0.17. Interestingly, a metallic
behavior with a band gap of 0.0 eV was calculated for x = 0.33.
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Figure 3.11. Ab initio electronic density of states and band gap of MoO3-x. Calculated DOS
using the optB88-vdW exchange correlation functional for (a) x = 0.0, (b) x = 0.17, and (c) x = 0.33.
(d) Electronic band gaps for different oxygen vacancy concentrations calculated using the HSE06
hybrid XC functional.

In a previous study, Borgschulte et al.
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reported the reduction of a 10 nm-thick MoO3

thin film deposited on a Pd membrane using thermal evaporation by H2 intercalation at room
temperature. In order to investigate whether the H2-containing gas treatment at room temperature
induces considerable reduction in bulk scale powder MoO3, 200 mg of Alfa Aesar No. 12930
(denoted as Ref.-MoO3) was kept under (5% H2/95% Ar) at room temperature for 12 hours. The
XRD patterns of the sample before the treatment and after the treatment are shown in Figure 3.12
in the supporting information. As can be observed, both patterns are assigned to MoO3
orthorhombic phase indicating that no reduction in the bulk of the material has occurred due the
room-temperature treatment.
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Figure 3.12. XRD patterns of bulk MoO3 (Alfa Aesar No. 12930, denoted as Ref.-MoO3).
XRD patterns of the Ref.-MoO3 pristine sample compared with those of Ref.-MoO3 kept under
5%H2/95%Ar gas at room temperature for 12 h. No reduction of MoO3 is observed with room
temperature H2 treatment.

Calculations based on the TGA analysis of the treated sample show a very small x = 0.036
even after heating to 600°C during the TGA analysis (Figure 3.13). This negligible vacancy
concentration seems to be from the vacancy initially present in the pristine Alfa Aesar No. 12930
sample by comparing the TGA results to that of the sample annealed under Ar with x = 0.035 as
shown in Figure 3.13a. In addition, we investigated the effects of annealing time and PDDA
concentration on the sub-stoichiometry of MoO3-x. Based on the performed TGA analysis for Ref.73

MoO3-x samples, increasing the annealing time under Ar resulted in a large sub-stoichiometry
parameter x = 0.86 (Figure 3.13c). In contrast, by increasing the PDDA concentration by 10 times
from 100 to 1000 μl, x = 0.42 was obtained (Figure 3.13d). Thus, sub-stoichiometry appears to be
more dependent on the annealing time compared to the polyelectrolyte concentration.

Figure 3.13. Thermogravimetric analysis (TGA) indicating the effects of annealing
temperature, time, and PDDA concentration on reduction of MoO3. Air and nitrogen TGA analysis
of: (a) Ref.-MoO3 (Alfa Aesar No. 12930, without PDDA) annealed under Ar at 600°C for 3 h, (b)
Ref.-MoO3 kept under 5% H2 in Ar at room temperature for 12 h, (c) Ref.-MoO3–PDDA (Alfa
Aesar No. 12930, with PDDA) annealed under Ar at 600°C for 12 h, and (d) Ref.-MoO3–
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10×PDDA [Alfa Aesar No. 12930, with 10 times more vol.% PDDA than in (c)], annealed under
Ar at 600°C for 3 h. The obtained results indicate the sub-stoichiometry concentration seems to be
more dependent on annealing time compared to PDDA concentration.

3.7 Oxygen reduction reaction *
3.7.1 Chemical and structural analyses
Possessing a high surface area can guarantee the access of oxygen to the catalyst while also
favoring formation of more vacancy sites on the surface. Mesoporous molybdenum oxidegraphene composites were synthesized using the method described in the experimental section. In
the first step, mesoporous MoO3 was synthesized via a nanocasting technique where SBA-15 and
KIT-6 mesoporous silica were used to template cylindrical and gyroidal structures, respectively.
After synthesis of mesoporous SBA-15 and KIT-6, phosphomolybdic acid (PMA, H3PMo12O40)
was used as the molybdenum precursor, and was impregnated inside the porous structure of
mesoporous silica templates. The choice of precursor in this technique is of the utmost importance;
PMA provides required hydrogen-bond interactions with silica templates and it has both a high
molybdenum content and high solubility in ethanol, which was used as the solvent. After solvent
evaporation, composites of PMA@SBA-15 and PMA@KIT-6 were calcined at 550°C to
decompose the PMA into crystalline MoO3 inside the channels of SBA-15 or KIT-6 templates.
The silica templates were removed by etching in a 4% hydrogen fluoride (HF) aqueous solution.

*
Reproduced in part with permission from Raana Kashfi-Sadabad†, Sajad Yazdani†, Tran Doan Huan, Zhao Cai and
Michael Thompson Pettes, "Role of Oxygen Vacancy Defects in the Electrocatalytic Activity of Substoichiometric
Molybdenum Oxide" J. Phys. Chem. C, Accepted Manuscript,
https://doi.org/10.1021/acs.jpcc.8b03536 . Copyright 2018 American Chemical Society. (†These authors contributed
equally)

75

Figure 3.14 shows the low-angle X-ray diffraction (XRD) patterns the SBA-15 and KIT-6 derived
mesoporous molybdenum oxide samples. For the SBA-15-based samples (Figure 3.14a), four
distinct peaks are observed which can be assigned to the (100), (110), (200), and (210) Bragg
reflections of the P6mm hexagonal structure as per ref. 173. The low-angle XRD of KIT-6 (Figure
1b) shows peaks attributed to the (211), (220), and (321) Bragg reflections of the bicontinuous
cubic gyroidal Ia3d structure (Figure 3.14b), indicating highly ordered mesostructures as per ref.
173

. The low-angle XRD patterns of the mesoporous MoO3@KIT-6 and MoO3@SBA-15 prepared

at 550°C show one intense peak at 2θ = 1.0°, corresponding to the poorly resolved (211) and (100)
diffraction peaks of SBA-15 and KIT-6, respectively. After removing the template by HF, three
well-resolved diffraction peaks were observed from the low-angle XRD pattern of MoO3–SBA15, which can be indexed to (100), (110), and (200) diffraction planes of a highly ordered 2D
hexagonal structure. This, in turn, indicated that the MoO3 crystal nanoarrays replicated the
ordered mesostructure of their host silica template. In comparison, after removal of silica with HF,
the MoO3–KIT-6 sample only exhibited one intense peak at 2θ = 0.9° [assigned to (211)],
indicating lower structural regularity (see Figure 3.14b). Further details on the low-angle
diffraction patterns of the samples is discussed in the supporting information. As shown in Figure
3.15, peaks in the high-angle XRD patterns of the mesoporous sample after removing SBA-15 and
KIT-6, denoted as MoO3−SBA15 and MoO3−ΚΙΤ−6 respectively, were assigned to orthorhombic
MoO3 (powder diffraction file #05-0508).
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Figure 3.14. X-ray diffraction (XRD) analysis of the molybdenum oxide hard templating
process. (a) Low-angle powder XRD of the mesoporous silica KIT-6 hard template, the
mesostructured composite of phosphomolybdic acid (Mo precursor) impregnated into the SBA-15
mesochannels (PMA@SBA-15), the mesostructured MoO3@SBA-15 composite prepared via
high-temperature calcination of PMA@SBA-15 in air at 600°C, and the final product of
mesoporous MoO3 after removal of the SBA-15 hard template by hydrofluoric acid (MoO3–SBA15). (b) Low-angle powder XRD of KIT-6, PMA@KIT-6, MoO3@KIT-6, and the mesoporous
MoO3–KIT-6 sample after removing the template.

In order to boost the electrical conductivity of our MoO3, the mesoporous samples were
wrapped by graphene oxide sheets. PDDA polyelectrolyte was added during the synthesis to
provide strong electrostatic interaction between the GO support and mesoporous catalysts. In order
to reduce GO to reduced graphene oxide (rGO), the samples were annealed at temperatures of 400
and 600°C under an argon atmosphere. Figure 3.15 illustrates the XRD patterns of the
MoO3−SBA15 sample composited with both polymer and rGO and annealed at 400 and 600°C,
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denoted as rGMS-400 and rGMS-600 respectively. Unexpectedly, the XRD patterns indicated that
the annealed samples were a mixed phase of partially reduced MoO3 and a monoclinic phase of
MoO2 (powder diffraction file #73-1807).

Figure 3.15. High-angle powder XRD patterns of the mesoporous MoO3−SBA-15 and
MoO3−KIT-6 samples. The patterns are assigned to an orthorhombic phase of MoO3 (powder
diffraction file #5-0508). High-angle powder XRD patterns of the composites with MoO3–SBA15, PDDA polyectrolyte, and rGO annealed at 400 and 600°C under argon, denoted as rGMS-400
and rGMS-600 respectively. The patterns are assigned to the monoclinic phase of MoO2 (powder
diffraction file #73-1807).
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Compared to the XRD patterns obtained for KIT-6 and SBA-15, a slight shift to higher
angles was detected in the low-angle diffraction peaks of mesoporous MoO3@KIT-6 and
MoO3@SBA-15, which indicated a small shrinkage of the mesostructure12. In the MoO3@SBA15 composite, the precursor has been decomposed inside the pores of the silica template by
annealing at the crystallization temperature, thus the sample consists of MoO3 confined inside the
template pores. However, the filling of the pores of the template is not expected to be fully
complete in most cases12, otherwise there should not be any low angle diffraction peak observed.
We propose that the low-angle diffraction in MoO3@SBA-15 originates from the unfilled or
partially filled pores of the silica templates where the shrinkage due to calcination possibly leads
to the small observed shift in 2θ. For MoO3–SBA-15 where the silica template has been removed,
the entire template including the unfilled parts are etched away and the low angle peak originates
from the sample, which expectedly shows slightly higher angle due to pore shrinkage during the
synthesis. Shifts from 2θ = 1.62 to 1.86° along (110) and from 1.66° to 1.92° along (200) were
measured for the replica (MoO3−SBA-15) compared to the original template (SBA-15). Similar
behavior was observed for KIT-6 based samples. In KIT-6 templated samples, (100) diffraction
peaks show a similar trend as for SBA-15 based samples, 2θ = 0.88, 1.06 and 0.96° for the template
(KIT-6), the filled template (MoO3@KIT-6) and the replica (MoO3−KIT-6), respectively.
Transmission electron microscopy (TEM) analysis revealed that samples preserve the
regularity of the template mesostructures (Figure 3.16). We observe the MoO3 products have a
highly ordered mesostructure throughout the whole domain consisting of hexagonally aligned
nanowires and gyroid-porous structures for MoO3–SBA-15 and MoO3–KIT-6, respectively,
reflecting true replication of the hard templates and a high yield of MoO3 incorporation into the
template channels. N2 adsorption−desorption isotherms was obtained to examine the textural
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properties of the catalysts. The prominent hysteresis loops indicate the mesoporous nature of
MoO3–SBA-15 and MoO3–KIT-6 samples (Figure 3.16d,e). The Brunauer−Emmett−Teller (BET)
surface areas of these catalysts were 50 m2/g for MoO3–SBA-15 and 63 m2/g for MoO3–KIT-6, all
of which were much lower than that for the SBA-15 (529 m2/g) and KIT-6 (851 m2/g) templates
(see Figure 3.17 and Table 3.3).

Figure 3.16. Transmission electron microscopy (TEM) analysis of mesoporous MoO3 and
composite catalysts. TEM images of (a) MoO3–SBA-15, (b) MoO3–KIT-6, and (c) rGMS-400.
(d−f) Corresponding N2 adsorption isotherm curves for the three mesoporous MoO3 catalysts
shown in panels (a–c). Insets show the calculated Barrett−Joyner−Halenda pore size distributions.

The Barrett−Joyner−Halenda (BJH) pore size distributions of MoO3–SBA-15 and MoO3–
KIT-6 catalysts were centered at 7.2 nm. In the case of MoO3–SBA-15, the peak at 7.2 nm is in
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agreement with that of the original SBA-15 (5.4 nm) and is evidence of well controlled template
replication.
Table 3.3. Structural properties of mesoporous silica and nanocast composites.

Sample

BJH desorption pore

BJH desorption pore

volume (cm3/g)

diameter (nm)

BET surface area (m2/g)

KIT-6

851

0.95

5.4

SBA-15

529

0.88

5.4

MoO3@KIT-6

43.7

0.059

5.2

MoO3@SBA-15

41.5

0.089

7.2

MoO3–KIT-6

63

0.162

7.2

MoO3–SBA-15

50

0.123

7.2

rGMS-400 a

122

0.313

7.4

rGMS-600 a

53

0.089

7.4
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Figure 3.17. TEM images of mesoporous (a) SBA-15 and (b) KIT-6 templates. (c−d) N2
sorption isotherms of SBA-15 and KIT-6, respectively. Insets show the BJH pore size distribution.

The nitrogen sorption isotherms of KIT-6 and SBA-15 templates shown in Figure 3.17
appear to have type IV isotherms whose capillary condensations occur at a relative pressure
ranging from 0.7 to 0.8 P/P0, indicating orderly mesoporosity195. Both silica templates exhibit
narrow BJH pore size distributions peaked at 5.4 nm obtained by looking at their respective
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adsorption branches. These values are slightly below what one would observe from the TEM
images as a result of the existence of nanobridges. Both templates are good candidates for the
nanocasting process of mesoporous MoO3 in cylindrical and gyroidal forms due to well-ordered
structure, large surface area, and uniform pore size (Table 3.3).
The physical properties reported in Table 3.3 for both unfilled and filled mesoporous silica
templates indicate a significantly higher suppression of N2 adsorption for the filled composites
(MoO3@KIT-6 and MoO3@SBA-15) compared to the unfilled silica templates (SBA-15 and KIT6). This suggests that the phosphomolybdic acid was adequately incorporated into the channels of
the latter. The pore volumes of KIT-6 and SBA-15 are reduced by a factor of ~10 compared to
those of MoO3@KIT-6 and MoO3@SBA-15 composites. After removing the silica templates with
HF, type-IV isotherms were observed in the mesoporous MoO3 samples with a noticeable
condensation plateau at a relative pressure (P/P0) range of 0.5–0.7 (see Figure 3.16d), indicating
uniform mesopores.
Additionally, TEM analysis of rGMS-400 shown in Figure 3.16c confirmed that thin layers
of graphene were attached to the MoO3-x likely as a result of electrostatic interaction. This
encapsulation of the mesoporous structure can significantly facilitate the transport of electrons
through the highly conductive graphene-based scaffold. Moreover, the conventional (0002) peak
expected for graphite at 2θ = 26.68° was not resolved in XRD, which suggests a homogeneous
dispersion of the graphene sheets over the surface of the MoOx samples196. The porosity of the
rGMS-400 and rGMS-600 composites was quantified using nitrogen adsorption–desorption
isotherm measurements (Figure 3.16f and Table 3.3). According to the BJH equation, the centered
pore diameter in rGMS-400 was 7.4 nm, which confirms a relatively uniform pore size distribution.
The BET specific surface areas of rGMS-400 and rGMS-600 were 122 and 53 m2/g, respectively.
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The higher specific surface area of rGMS-400 compared to MoO3–SBA-15 (50 m2/g) is due to the
porosity of the replicate MoO3 and the secondary pores between the MoO3 and the graphene
sheets197. The lower surface area of rGMS-600, on the other hand, results from a partial collapse
of the mesoporous structure after high temperature reduction at 600°C. TEM and HAADF-STEM
images of rGMS-600 (Figure 3.18) and rGMS-400 (Figure 3.19) catalysts confirm the attachment
of mesoporous particles to the rGO. TEM also reveals partial collapse of the porous structures
indicated by BET data.

Figure 3.18. Scanning transmission electron microscopy (STEM) confirms wrapping of
MoO3-x catalysts by rGO. (a) Bright field STEM and (b-e) scanning energy dispersive X-ray
spectroscopy (EDS) and high angle annular dark field (HAADF) micrographs of rGMS-600.
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Figure 3.19. (a) Brightfield scanning transmission electron micrograph (BF-STEM) and
(b-e) high-angle annular dark-field (HAADF) and scanning energy dispersive x-ray spectroscopy
(EDS) of rGMS-400.

Raman spectra of mesoporous MoO3–SBA-15 powders and rGMS-400 and rGMS-600
composites is shown in Figure 3.20. Similar to MoO3–SBA-15, Raman spectrum of the rGMS-400
composite displayed characteristic orthorhombic MoO3 vibrational frequencies whereas rGMS600 peaks are ascribed to Raman bands of monoclinic MoO2198 consistent with the XRD analysis.
In the MoO3 spectra, various bending modes were found responsible for the peaks below 400 cm1

, while the three peaks at 663, 820, and 993 cm-1 were traced to the various stretching frequencies

of molybdenum and oxygen199. Raman bands detected at 743, 571, 493, 364, 345 and 229 cm-1 in
the rGMS-600 sample are the evidence of reduction of MoO3 to MoO2198. The Raman spectra of
the rGMS-400 and rGMS-600 composites in the range of 1200 to 3000 cm-1 exhibit the
characteristic peaks of rGO. The D and G graphitic bands observed at 1360 and 1594 cm-1 for
rGMS-400, respectively, and at 1359 and 1583 cm-1 for rGMS-600, respectively, confirm the
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existence of defects in the sp2-bonded carbon in the composite200. The removal of oxygencontaining groups in rGMS-400 and rGMS-600 was monitored by Raman spectroscopy in the
range of 1200 to 3000 cm-1. The major oxygen functional groups in GO include epoxide (–O–)
and hydroxyl (–OH) groups, which are located on the basal plane of GO, while minor functional
groups include carbonyl (–C=O) and carboxyl (–COOH) groups located at the edges201-205. GO by
itself is known to be electrically insulating due to presence these oxygen groups206. Thermal or
chemical reduction can remove these groups and restore the electrical properties depending on the
degree of reduction, layer disorder, and structural defects205-207. The appearance of the defectinduced D-band in the Raman spectra of rGMS-400 at 1360 cm-1 as well as a rather broad G-band
at 1594 cm-1 and unresolved second-order 2D peak (expected ~2700 cm-1) indicated that a high
degree of oxidation and disorder208 was still present in rGMS-400 even though it had been reduced
at 400°C (Figure 3.20b). For rGMS-600, the D-peak shifted to 1359 cm-1 and a narrower G-peak
at 1583 cm-1 was observed. The ID/IG ratio decreased from 0.86 for rGMS-400 to 0.19 for rGMS600 which indicated that reduction was improved as the annealing temperature was elevated to
600°C.
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Figure 3.20. (a) Raman spectra of rGMS-400 and rGMS-600 composites shown in
comparison with that of mesoporous MoO3–SBA-15. (b) Raman spectra of the rGO-related peaks
of rGMS-400 and rGMS-600 samples.

Further reduction of oxygen functional groups in GO by raising the thermal reduction
temperature from 400 to 600°C was verified by the high-resolution C 1s spectra acquired from Xray photoelectron spectroscopy (XPS, shown in Figure 3.21). The C 1s spectra of the GMS-400
and GMS-600 composites were deconvolved into four peaks corresponding to carbon atoms with
different oxygen-containing functional groups209: (1) non-oxygenated C sp2 and sp3 at 284.6 and
285.8 eV, respectively, (2) carbon in C–O at 287.4 eV, (3) carbonyl carbon (C=O) at 287.9 eV,
and (4) carboxylate carbon (O–C=O) at 289.0 eV. Increasing the intensity of the sp2 carbon peak
relative to the peaks of sp3 carbon and carbon binding to oxygen indicates a higher degree of
reduction by increasing the annealing temperature.
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Figure 3.21. Deconvoluted XPS carbon 1s peak of MoO3–SBA-15 and the rGMS-400 and
rGMS-600 composites.

3.7.2 Role of defects in the electrocatalytic reduction of oxygen
The ORR electrocatalytic activity of mesoporous MoO3–SBA-15, rGMS-400, and rGMS600 composites were characterized by linear sweep voltammetric (LSV) measurements in 0.1 M
KOH and are shown in Figure 3.22. The activity for MoO3–KIT-6 is shown in Figure 3.23,
supporting information. The ORR onset potentials of mesoporous MoO3–SBA-15 and MoO3–
KIT-6 were 0.78 and 0.79 V versus reversible hydrogen electrode (RHE). The improved
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performance of MoO3–KIT-6 compared to MoO3–SBA-15 is assigned to the higher surface area
and abundance of three-dimensional channels in the gyroidal structure improving oxygen diffusion
on the catalyst surface. Compared with MoO3–SBA-15, the rGMS-400 and rGMS-600 electrodes
showed an even greater positive shift in the onset potential, 0.82 and 0.86 V (vs. RHE),
respectively, with a more notable increase in the current density as shown in Figure 3.22a. The
improved ORR activity of rGMS-400 and rGMS-600 can be explained by following factors.
PDDA can functionalize GO through the reduction process and a possible synergic effect between
rGO, PDDA, and catalyst plays an important role in high ORR activity of rGMS-400 and rGMS600. This happens through the physical adsorption of polyelectrolyte chains that contain positively
charged nitrogen moieties on rGO where intermolecular charges created a net positive charge on
the carbon atoms. This can change the electronic properties of rGO causing the electrons to be
attracted more from the anode to the cathode and facilitating oxygen desorption as well as the ORR
process172,

210

. The integration of MoO3–SBA-15 with PDDA-rGO helps overcome the slow

electron conduction in MoO3–SBA-15 and the interface between them plays a key role in
increasing the overall catalytic performance.
Moreover, although the surface area of rGMS-600 (53 m2/g) was lower than that of rGMS400 (122 m2/g), its onset potential (vs. RHE) was 40 mV higher than rGMS-400 at the same mass
loading. This higher ORR activity, in spite of having lower surface area, can be attributed to the
higher degree of oxygen vacancies on the surface of the active material in the rGMS-600 catalyst
due to reduction of orthorhombic MoO3 to monoclinic MoO2 by increasing the reduction
temperature from 400 to 600 °C accompanied by a higher degree of reduction of GO as confirmed
by XPS and Raman spectroscopy.
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Electrochemical impedance spectroscopy (EIS) of the catalysts showed smaller diameter
of the Nyquist plot curves for rGMS-400, and rGMS-600 compared to MoO3–SBA-15 (Figure
3.22b). This is an indication of lower electrical resistance of rGMS-400, and rGMS-600 due to
wrapping with more electrically conductive rGO sheets in theses samples. The smaller diameter
of the rGMS-600 curve compared to rGMS-400 is due to a combination of the higher oxygen
vacancy concentration and a higher degree of reduction of rGO as well as the reduction of the bulk
of rGMS-600 from orthorhombic α-MoO3 to nearly monoclinic MoO2. Although outside the scope
of the current work, the effects of oxygen vacancy concentrations on conductivity can be studied
by a set of controlled experiments where the oxygen vacancy concentration is kept as the only
variable in the investigation, most appropriate for single crystalline samples so that the intrinsic
contribution of oxygen vacancies to the conductivity can be determined.
Because of its strong orbital overlap211, MoO2 has a relatively low, metallic electrical resistivity
(8.8×10-5 Ω-cm)

212

which can significantly facilitate the electron transfer through the core of

catalyst. Accordingly, a comparison between the RDE polarization curves of MoO3–SBA-15 and
rGMS-600 indicates improved the ORR kinetic of rGMS-600 due to this promoted electron
conduction the catalyst (Figure 3.22c,d). The integration of MoO3 with PDDA-rGO also helps
overcome the slow electron conduction in MoO3–SBA-15.
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Figure 3.22. Oxygen reduction activity is increased through a composite electrode with
less defective rGO and more highly reduced MoO3-x, demonstrating the importance of PDDA and
thermal treatment at 600°C. (a) Linear sweep voltammetry polarization curves obtained in O2saturated 0.1 M KOH and (b) Nyquist plots for MoO3–SBA-15, rGMS-400, and rGMS-600
catalysts. Rotating-disk voltammograms of the catalysts: (c) MoO3–SBA-15 and (d) rGMS-600 in
O2-saturated 0.1 M KOH with a sweep rate of 5 mVs-1.
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Figure 3.23. Linear sweep voltammetric (LSV) measurements of mesoporous MoO3–
SBA-15 and MoO3–KIT-6 catalysts.

In order to model the ORR of MoO3-x, the following mechanism is employed for alkaline
solutions213
Mm+─O2- + H2O + e- → M(m–1)+─OH- + OH-

(3.2)

O2 + e- → O2,ads-

(3.3)

M(m–1)+─OH- + O2,ads- → Mm+─O─O2- + OH-

(3.4)

Mm+─O─O2- + H2O + e- → M(m–1)+─O─OH- + OH-

(3.5)

M(m–1)+─O─OH- + e- → Mm+─O2- + OH-

(3.6)

where M represents the transition metal Mo, m denotes the oxidation state, and the subscript “ads”
stands for adsorption. In order to identify the ORR active site, DFT calculations based on the
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reaction (3.2) were performed. According to Kim and Dunn et al. 15, Mo5+ bipolarons and Mo4+
polarons at oxygen terminal sites (Ot) are the most favorable defect configurations with formation
enthalpies of 1.32 and 1.51 eV, respectively. The results of our DFT calculations based on a Mo4+
polaron at an Ot site indicated that the presence of this particular defect structure significantly
reduces the reaction energy barriers (Figure 3.24). We found that the energy barrier against the
reaction (3.2) decreased from 3.0 eV for the MoO3 catalyst to -0.55 eV for the MoO3-x catalyst
with a v··
O oxygen vacancy site. Our calculated results are consistent with the performed
experimental observations as the rGMS-600 catalyst with the highest degree of metal oxide
reduction exhibited the highest ORR activity.
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Figure 3.24. Surface oxygen vacancies are required to accelerate the ORR reaction. DFT
calculated energy barriers for the oxygen reduction reaction (ORR) for MoO3 catalyst based on
the reaction (3.2) (a) without vacancies and (b) with the presence of a Mo4+ next to the oxygen
vacancy site. This result proposes that the energy barriers of the reaction kinetics are significantly
reduced due the presence of the surface oxygen vacancy. In these calculations, the products and
reactants are conserved, which is required to enable direct comparison between the different states.
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Since durability is a major concern of today’s fuel cell industry, the stability of MoO3–
SBA-15 and Pt/C catalysts during ORR were assessed through chronoamperometric measurements
at -0.5 V. As shown in Figure 3.25, a relative current of 91% still persisted after 16.7 h on the
MoO3–SBA-15 catalyst, which is likely related to the carbon constituent in the composite
electrode. In contrast, Pt/C showed a gradual decrease to 60.0% relative current after only 5.6 h.
The measured Pt/C stability can be compared with reports from previous investigations. Singh et
al.214 reported 36% current loss after 2.78 h for a Pt/C electrode in a 0.1 M KOH electrolyte at 0.6
V versus RHE. Sun et al.215 reported a Pt/C current stability to decrease to ~ 82, 69 and 51.7%
after 5.6, 20 and 80 h, respectively for a 0.1 M KOH electrolyte at -0.3 V versus Ag/AgCl. The
obtained results indicate the superior stability of the mesoporous MoO3–SBA-15 catalyst
compared to the Pt/C catalyst in an alkaline solution popular in the development of alkaline fuel
cells. On the one hand, Pt-based catalysts gradually degrade over time (especially in alkaline
electrolytes) because of surface oxidation, particle dissolution, and particle aggregation. On the
other hand, existing ORR catalysts that show improved stability over Pt (such as Ag) still lack the
needed activity and are not durable enough for practical purposes216. The excellent stability and
durability of our mesoporous molybdenum oxide even in the absence of rGO protection makes it
a promising candidate as a catalyst for ORR.
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Figure 3.25. (a) Chronoamperometric response at a potential of -0.5 V vs. SCE (0.55 V vs.
RHE) for mesoporous MoO3–SBA-15 and Pt/C indicates the improved stability of the mesoporous
catalyst. (b) Current density stability of MoO3–SBA-15 at -0.5 V vs. SCE.

3.8. Conclusion
The thermochemical reaction mechanism between a PDDA polyelectrolyte and an α-MoO3
metal oxide was determined by a combined experimental and theoretical investigation. Our
experiments indicated that if the fully oxidized MoO3 is annealed at 400 and 600°C under Ar for
3 h, α-MoO3 is negligibly reduced to MoO3-x with x = 0.01, 0.03, respectively. In contrast, if the
fully oxidized α-MoO3 is treated with PDDA polyelectrolyte, significant vacancy concentrations
form allowing transformation to MoO3-x, where x = 0.14 (MoO2.86) and 0.36 (MoO2.64) were
obtained for annealing temperatures of 400 and 600°C, respectively at the same conditions. Similar
reduction behavior was observed under 5% H2/95% Ar as the sub-stoichiometry x was increased
from 0.62 to 0.98 by using the PDDA treatment. This phenomenon was explained by absorption
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of Ot upon decomposition of PDDA, where our DFT calculations suggested that Ot atoms were
absorbed into the pentagonal ring of PDDA as ionic O- and neutral O2- creating Mo5+-v·O and Mo4+v··
O vacancy complexes on the metal oxide surface. Due to crucial role of oxygen vacancy
concentration in determining physical or chemical properties of materials, the study of similar
interactions of oxide materials with PDDA or other polymers in the polyelectrolyte family is
suggested for future investigations.
Reduced graphene oxide-wrapped mesoporous molybdenum oxides were synthesized via
a two-step procedure, utilizing nanocasting and a self-assembly/thermal reduction approach, then
used as an electrocatalyst in ORR. The obtained products replicated the mesostructure of both
KIT-6 and SBA-15 silica templates and exhibited large surfaces areas (up to 80 m2/g), and narrow
pore size distributions (~3 nm full width at half maximum). The obtained mesoporous MoO3
material exhibited improved ORR activity, which was associated with the well-defined
mesoporous structure. Experimental results indicated that using PDDA for wrapping mesoporous

α-MoO3-x with rGO followed with thermal annealing created catalyst surfaces with qualitatively
high degree of vacancy densities. Theoretical results have demonstrated that these surface vacancy
sites are crucial in the electrochemical activity of catalysts by being the origin of ORR activity in

α-MoO3-x based materials for the first time. Finally, we emphasize that the synthesis approach
presented here can be readily extended to the preparation of other mesoporous metal oxide–
graphene composite materials, with broad applications in various critical energy conversion
areas217.
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CHAPTER 4: The Role of Highly Charged Interface Trap States in the Electro-Thermal
Transport Properties of PbS1-x
4.1 Background
A polycrystalline material is composed of crystallite domains joined by grain boundaries.
In crystallites, atoms are ordered and arranged similar to a small single crystalline material218. In
contrast, the structure of grain boundaries can be quite complicated as it usually consists of few
layers of disordered atoms. These atomic layers con be considered as transitions between various
orientations of crystalline domains. Due to the disordered nature, a high concentration of defects
can be formed at the deficient atomic bonding218. It has been suggested that these defects can act
as trapping states by trapping and immobilizing charge carriers218-220. Therefore, the number of
available carriers for conduction decreases and mobile carrier concentration can be much lower
than that of the doping concentration218. In addition, the trapped carriers cause the grain boundaries
to be electrically charged. These electrically charged interfaces act as potential barriers at the grain
boundaries and can obstruct the charge transfer, thereby decreasing the mobility218. This model
explains the much smaller carrier concentration and mobility of polycrystalline materials
compared to those of single crystals for the same doping concentrations measured by using Hall
method for polycrystalline silicon218, 220. Moreover, when these grain boundaries are electrically
charged, the charged layer is balanced by two layers of the opposite charges on both sides of the
interface219. This causes formation of a dipole layer whose width is correlated with the potential
barrier strength221. According to the model by Seto218, the barrier height can be estimated using

σ ∝T

−1

2

exp  −


EB

 (for NL > Qt), where σ, T, kB, EB, N, L, and Qt are electrical conductivity,
kBT 
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temperature, Boltzmann constant, barrier height, doping concentration, crystallite size and
trapping states density, respectively.
The existence of a potential barrier against charge transport can induce a non-linear currentvoltage behavior in materials. This non-linear behavior has been technologically exploited in
voltage-dependent-resistors (VDRs), known as varistors221. This behavior is only observed in
polycrystalline materials and can be regarded as having Schottky barriers at grain boundaries221.
A varistor has a high electrical resistivity at low voltages, and as the voltage increases, the electrical
resistivity of the varistor decreases. Another major application of such a non-linear behavior is in
dye-sensitized solar cells (DSSCs). Unlike the prior text book definition of solar cells which is
based on high purity, defect and interface-free semiconductors, DSSCs are functional based on
interface-rich materials synthesized by simple methods suitable for large-scale economical
applications222. In general, a DSSC is a photoelectrochemical system consisting of a mesoporous
TiO2 anode covered with a molecular light-absorbance dye, an electrolyte and a cathode. In
contrast to electron transport by diffusion, it was observed that the electron transport depends on
the intensity of the incident light and becomes faster by increasing the intensity222, 223. This lightintensity dependent phenomenon was explained by a multiple trapping model224-227. According to
this model, most electrons are locally trapped in states below the conduction band at the interfaces
and can escape and contribute in the transport through thermal activation226. The presence of traps
is crucial because the electron lifetime in TiO2 nanoparticles is related to the trapping state
density222, and similar to other photovoltaic systems222,

228, 229

, the efficiency of DSSCs is

dependent on the recombination of electrons with acceptors known as the electron lifetime. Other
investigations have emphasized the importance of the trap states at the grain boundaries by
reporting that no light-intensity dependence was found in DSSCs fabricated by single crystalline
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ZnO nanorods without grain boundaries compared to DSSCs based on interface-rich ZnO
nanoparticle230. For an extensive review of the fundamentals and applications of DSSCs, readers
are referred to ref.222.
Another important application of grain boundary-rich polycrystalline materials is in the
field of thermoelectric energy conversion. Current manufacturing processes display major energy
losses as most of energy being used is wasted as heat. One way to combat the increasing global
energy demand is by capturing the waste heat and recycling it into useful electricity through the
use of thermoelectric materials. A great advantage of a thermoelectric system is that it has no
moving part or noise during operation. Thus, improving thermoelectric energy conversion is highly
beneficial in order to promote sustainability and efficiency in the long-term use of current
industrial methods. The performance of thermoelectric materials is limited by low values of their
figure of merit which is defined by the equation zT = σS2T/κ where S, and κ are Seebeck coefficient
and thermal conductivity, respectively. Thermal conductivity is composed of lattice and electronic
contributions. Having a high density of grain boundaries in solution-processed materials can be
very appealing. Grain boundaries of the appropriate size can effectively suppress thermal
conductivity by scattering the majority of phonons. First principle calculations of thermal
conductivity accumulation have predicted that nanostructures of ~ than 10 nm can be used to
effectively reduce the thermal conductivity for PbSe, PbTe, SnS, and SnSe (80% and 90% for
PbSe and PbTe, respectively at 300 K)231-233. The advancements in solution-processed syntheses
of nanocrystals have made achieving such size ranges possible234.
Thermoelectric devices operate at both low and high temperatures. High temperature
thermal-to-electrical energy conversion materials, such as PbS, are very attractive for waste heat
recovery from a thermodynamic stand point. Recently, there has been a number of promising
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reporting high zTs, by using bottom-up methods in PbS-based materials21, 28. These encouraging
improvements on PbS, emphasize the potential implications of using bottom-up material
preparation methods for high performance thermoelectric applications. However, it is often
reported that chemistry-processed materials exhibit lower electrical conductivities when compared
to conventional top-down (solid-state) materials due to presence of defects as well as remaining
organic species introduced during synthesis. In order to remove any of the insulating ligands or
organic species, most of these thermoelectrics are annealed at high temperatures under vacuum or
an inert gas environment21-23, 235. This exposure to high temperatures, can cause vacancy sites
formations in the materials. Sulfur losses have been reported during the material preperation26, 236
or can be caused by surface evaporation of sulfur upon cycling during operations at high
temperatures237, 238. The presence of vacancies and defects can significantly alter the electronic
properties of materials and dominate Seebeck coefficient and electrical conductivity. While bulk
Bi2Te3 is known to be p-type for stoichiometry and Bi-rich cases, Mehta et al. 26 reported a major
majority carrier reversal in solution-processed Bi2Te3 pellets showing n-type behavior due to
presence of point-defects. Additionally, defects can interact with dopants present in a
thermoelectric239. Dopant–defect interactions have not been fully understood and can potentially
be used for power factor enhancement26.
In solution-processed materials with polycrystalline nature and high densities of grain
boundaries, the effects of defects or vacancies can be even more substantial because presence of
impurities and vacancies can charge interfaces and dominate electronic properties. In the current
work, the effects of highly charged interface trap-states on the electro-thermal properties of PbS1x is investigated. The formation of sulfur vacancy (v··
S ) is studied and modeled by density functional
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theory (DFT) calculations. The experimental observations are modeled by DFT and Seto’s218
formulation for charge transport over potential barriers.
4.2 Experimental section
4.2.1 Characterizations
Powder X-ray diffraction (XRD) analysis was carried out using a Bruker D2 Phaser with
Cu Κα radiation (λ =1.54184 Å) at an operating voltage of 30 kV and current of 10 mA.
Transmission electron microscopy (TEM) analysis was performed on a FEI Talos F200X
TEM/STEM at an accelerating voltage of 200 kV. Chemical analyses were conducted using STEM
and energy dispersive X-ray spectroscopy (EDS) with HAADAF/BF detectors. Raman
spectroscopy was operated on a Renishaw System 2000 with a wavelength of 514 nm laser. SPS
densification was performed via a SPS, Dr. Sinter Lab, SPS-515S. The power factor measurements
were conducted on an Ulvac-Riko ZEM-3 (300−800 K). Thermal diffusivity measurements were
conducted using a Netzsch LFA-457 Microflash by taking an average of three data points at each
temperature. A differential scanning calorimeter, Netzsch DSC 404 C, was employed for the heat
capacity measurements. All the transport property measurements of each sample as well as ICPOES analysis were conducted on the same pellets.
4.2.2 Synthesis
Lead (II) acetate trihydrate, Pb(CH3CO2)2×3H2O (467863, Sigma-Aldrich), thiourea
NH2CSNH2 (T8656, Sigma-Aldrich) were used as the Pb and S sources, respectively. Glycerol
HOCH2CH(OH)CH2OH (G9012, Sigma-Aldrich) was used as the solvent. In a typical synthesis,
0.02 mol of the Pb precursor was stirred in 50 ml glycerol on a hotplate at 90°C for 45 minutes
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until dissolved. Then, 0.02 mol of S precursor was added to the solution and mixed for 10 minutes.
At this point, the reaction was removed from the hotplate and is poured into a 125 ml autoclave
(PTFE#A305AC, Parr Instrument Co.). The autoclave was placed in an oven at 160°C for 3 hours.
Afterwards, the autoclave was removed from the oven and, when it was cooled back to room
temperature, a viscous solution with black precipitates at the bottom was obtained. In order to
remove the solvent, 50 ml of ethanol was added to the solution and left for 24 hours. Then, a black
powder was obtained by washing with ethanol through a three-time centrifugation at 5000 rpm.
The obtained powder was dried under vacuum at room temperature.
4.2.3 High temperature Ar annealing
The dried powders were placed in an alumina combustion boat (Z561746, Sigma-Aldrich)
and annealed in a horizontal tube furnace under Ar at 600°C for 3 hours with a ramp 1 °C min-1.
4.2.4 Sulfur post-synthesis treatments
2.9 g of the synthesized PbS sample was placed in the middle of the furnace. An alumina
combustion boat containing 1 g of S powder was placed in the upstream. A long heating tape was
wrapped around the quartz tube where the S boat was placed as shown in Figure 4.1d. A carrier
gas mixture of 20 sccm of hydrogen and 100 sccm of argon was used. For each treatment, the tape
was rapidly heated to 150°C when the furnace temperature reached 120°C. The furnace was heated
to 600°C and kept at for 3 hours with a ramp of 1 °C min-1. The heating tape was turned off when
the temperature of the furnace cooled down to 150°C.
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4.2.5 Sample preparations for the measurements of transport properties
Spark plasma sintering (SPS) was conducted on the dried powders at the desired
temperatures for 8-10 minutes under the same current pulse pattern on/off ratio. 1.2–1.3 g of the
powders was loaded into a graphite die with an internal diameter of 12.7 mm. Each side, top and
bottom, was covered by three layers of graphite foils. The SPS pellets were prepared under an
axial pressure of 4 kN. After the SPS, both sides were polished in order to completely remove the
graphite foils. The removal of the graphite foils was assured by XRD. For the thermopower
measurements using ZEM-3, rectangular uniform bars were cut using a diamond saw. For the coldpress samples, the powders were converted to a dense pellet by using a hydraulic the powders
under 104 lbf in a 12.7 mm die.
4.2.6 Density functional theory calculations *
First-principles computations at the level of density functional theory (DFT) as
implemented in the Vienna Ab initio Simulation Package (VASP)

240, 241

were employed to

simulate crystalline PbS. Within this computational scheme, the Perdew-Burke-Ernzerhof (PBE)
functional179 was used for the exchange-correlation energies while the plane-wave cutoff was
chosen to be 500 eV. For energy and force calculations, a dense k-point mesh of 9×9×9 was
employed to sample the Brilouin zone --- this setup typically leads to an energy convergence of
less than 1 meV/atom.
While the energies, the atomic forces, and the electronic structure of PbS can be obtained
with VASP, the estimations of the thermal conductivity, electrical conductivity, conductivity

*

Density functional theory calculations (DFT) were performed by Dr. Huan Tran at the University of Connecticut.
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electron effective mass, and Seebeck coefficient require some additional tools. The electronic
contributions to the thermal conductivity, the electrical conductivity, and the Seebeck coefficient
were estimated using BoltzTraP242. For this work, the electronic bands of PbS were calculated at
a very dense k-point mesh (we used 45×45×45 herein). From this data, smoothed Fourier
interpolation of the bands was obtained with BoltzTraP, allowing for transport coefficient
calculations243, 244. The average electron effective mass m* was defined245, 246 to approximately
capture the nonparabolicity and the anisotropy of the bands, and the competitions of pockets
throughout the Brillouin zone in the transport. The carrier concentration n was then computed from
the chemical potential µ as
n(µ )
=

dk
∫ ∑ δ ( µ − ε ) 8π
b

b ,κ

3

(4.1)

where the subscript b runs over the electronic bands computed using DFT, and k the wave vector.
The aforementioned (electronic) transport properties were collected and processed with the help
of PYMATGEN247 by using the obtained BoltzTraP data. On the other hand, the lattice
contribution to the thermal conductivity was estimated using PHONO3PY248. This step involves
accurately computing a large number of displaced structures of PbS for obtaining the required
third-order force constants. The lattice thermal conductivity is then computed from the group
velocity, the mode-dependent heat capacity, and the single-mode relaxation time248, all of them
are accessible from the computed force constants via lattice dynamics. Within this formalism, the
single-mode relaxation time is assumed to be equal to the phonon life time, which can be computed
as the reciprocal of the imaginary part of the self-energy, obtained from three-phonon interaction
strength via an analogous form of the Fermi’s golden rule248.
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It is worth mentioning that the state-of-the-art computational methods/techniques used in
this work have some well-known deficiencies. Although the electronic dispersions can be
computed reasonably, the electronic band gap may not be highly correct. In fact, we obtained Eg =
0.36 eV, being consistent the experimentally reported band gap of PbS, 0.37 eV249. With
BoltzTraP, the semi-classical transport coefficients are calculated within the relaxation time
approximation, leaving the relaxation time τ an unknown parameter (we used τ = 10-14 s250). In the
formalism used to estimate the lattice thermal conductivity, only the lowest-order (3rd) anharmonic
terms of the energy can be considered. Because this approach may fail at high temperatures, our
transport property calculations were carried out at the room temperature (300 K), where the
validity of the approach is assumed. *
4.3 Results and discussions
Solvothermal reaction, high temperature annealing and spark plasma sintering (SPS) were
the steps used for the material preparations. High-temperature annealing can potentially enhance
vacancy and defects density and SPS is essential in order to sinter the grain boundaries and obtain
high density solid materials needed for thermoelectric energy conversion. Figure 4.1 illustrates the
synthesis procedure. Thiourea, lead (II) acetate trihydrate were used as the sulfur and lead
precursors and glycerol was used as the solvent. The solvothermal reaction occurred in a Teflon
lid autoclave reactor. The obtained sample, denoted as PbS-Solvo was annealed under H2/Ar at
600°C.

*

BoltzTraP calculations were performed by Dr. Huan Tran, University of Connecticut.
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Figure 4.1. Illustration of the synthesis steps (a) the reaction scheme (b-c) pyrolysis and
autoclave reactions (d) annealing process under H2/Ar. For sulfurization, the sulfur powder was
placed in an upstream location. The powder was evaporated by using a heating tape set at a
temperature of 150°C providing a constant flow of sulfur over the sample (e) dense pellet and
rectangular bar obtained after SPS for electro-thermal measurements.

In addition, other samples were prepared by annealing under a sulfur-rich environment in
order to obtain a stoichiometry sample with no sulfur vacancy. During annealing, a constant flow
of sulfur was provided by evaporating sulfur powders placed in an alumina boat located in the
upstream with H2/Ar carrier gas (Figure 4.1d).
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The sulfurized samples were denoted as PbS-S and PbS-S−SPS referring to the obtained
products after sulfurization and SPS, respectively. For comparison, the annealing and SPS steps
were also conducted on a sample from Sigma-Aldrich (#372595) with a different morphology
denoted as PbS-ref.−SPS. After SPS, the obtained pellets were used for laser flash thermal
diffusivity measurements. For the electrical and Seebeck coefficient measurements, the pellets
were cut into rectangular bars from the same pellet used for diffusivity measurements (Figure
4.1e). The details of the sample treatments have been listed in Table 4.1. The synthesis steps and
sample treatments were intentionally designed in order to answer the following questions: (i). At
which synthesis step of solvothermal reaction, high-temperature annealing or SPS, v··
S sites are
formed? (ii). Can sulfurization process prevent formation of v··?
S (iv). How does the presence of
interfaces affect electro-thermal transport properties in a sulfide material with or without v··?
S (v).
how does a different morphology and grain boundary concentration (PbS-ref.−SPS versus the
synthesized samples) affect the electro-thermal transport properties?
Figure 4.2 demonstrates TEM, STEM/EDS and SEM analysis of the samples after each
synthesis steps. The sample after the high-temperature Ar annealing (PbS) exhibited a dendrite
morphology with high concentrations of grain boundaries (Figure 4.2a and 4.2c).
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Figure 4.2. TEM and HAADF-STEM images of the PbS sample are shown (a) after the
Ar treatment (PbS) and (b) after sulfur treatment (PbS-S). SEM and EDS images for sample (c)
PbS and (d) PbS-S are shown for comparison. TEM and HAADF-STEM images of the PbS sample
are shown (e) after SPS (PbS-SPS) and (f) after SPS (PbS-S−SPS). The elemental mappings are
based on S K series and Pb M series.
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The dendrite morphology was preserved after the sulfur treatment as it can be seen for PbSS sample in Figures 4.2b,d. Sintering of the grain boundaries and densification can be observed
after the SPS as shown in Figures 4.2e–f. All samples demonstrated a uniform dispersion of Pb
and S elements. X-ray diffraction patterns of all samples were assigned to the cubic phase of PbS
(Figure 4.3a). The analysis of the sulfur treated sample, PbS-S−SPS reveals crystal growths along
[111] and [220] planes compared to those of the untreated sample (Table 4.2). The crystallite size
of the reference samples PbS-ref.−SPS showed a larger Sherrer crystal size of 310 nm compared
to those of the PbS-SPS (199 nm) and PbS-S−SPS (206 nm) (Table 4.2). TGA analysis of the
solvothermal product indicated three major weight loss peaks (Figure 4.3d). The goal of the
performed TGA analysis was to identify a temperature range at which any possible S-loss occurred
where v··
S vacancy sites were formed. The first peak at 166°C was attributed to removal of
chemisorb water and solvents. The peak at 244°C was assigned to the removal of the remaining
glycerol (see Figure 4.3b for the TGA analysis of Glycerol). Assuming the third peak at 266.4°C
with a weight loss of 1.97 % is due to the sulfur loss from the sample, a vacancy degree of x = 0.17
is obtained based on PbS1-x. This calculation was based on a mass-balance equation assuming the
initial sample was stoichiometry (these assumptions are later verified by using ICP-OES analysis)
Mw(PbS) = (1+ [ (% mass loss in N2) /100) ] × Mw(PbS1-x) .

(4.2)

After this major peak loss, only 0.3% weight loss is obtained in a temperature range from 226.3 to
600°C. Figure 4.3c, shows the red-shift of the endothermic peaks from 970.7 to 1052.5°C after
SPS being an indication of grain boundary sintering by SPS.
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Figure 4.3. (a) X-ray diffraction patterns of PbS samples after spark plasma sintering (SPS)
at 600°C. The peaks are assigned to the cubic PbS with space group Fm3m(225) according to
powder diffraction file #05-0592. (b) TGA analysis of glycerol, identifying the glycerol removal
temperature range. (c) DSC analysis of the samples before and after SPS. (d) TGA analysis of the
solvothermal product identifying the sulfur loss temperature range.

ICP-OES analysis of the solvothermally synthesized sample (PbS-Solvo) revealed that the
atomic ratio of S was 0.46% higher than that of the Pb which indicated that the product of the
solvothermal process did have any sulfur deficiency (Table 4.1). Having no initial vacancy verified
our prior assumption for the calculation of x based on TGA. Interestingly, the H2/Ar annealing at
600°C, induced sulfur under-stoichiometry x = 0.16 sulfur vacancies based on PbS1-x. This value
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is very close the value calculated based on the TGA analysis (x = 0.17) indicating the sulfur loss
temperature range was identified properly. The SPS process at the same temperature enhanced the
sub-stoichiometry parameter to x = 0.19 (PbS-SPS sample). The analysis of the sulfur treated
sample, PbS-S indicated that the performed sulfurization indeed prevented sulfur deficiency in the
sample. A value of x = -0.06 was obtained for PbS-S, in which the negative sign indicated the
presence of excess sulfur. SPS removed some of the excess sulfur and x = -0.03 was obtained for
PbS-S−SPS. x = 0.04 was obtained for the reference sample (PbS-ref.−SPS.) after SPS at 600°C
(Table 4.1).
Table 4.1. Sample descriptions, ICP-OES analysis results, sulfur under-stoichiometry
degree, estimated the lower and upper limits of carrier concentrations, the density of trapping states
and barrier heights.

measured
carrier concentration at T = 300 K

ICP-OES
sample

sample description

(atom%) x, PbS1x

Pb

S

mobile

trap states

carriers

density

n/p (cm-3) Qt (cm-2)
PbS-Solvo
PbS
PbS-SPS
PbS-S

after the
solvothermal
49.77 50.23 -0.01
reaction
after argon
54.38 45.62 0.16
annealing at 600°C

NICP/PICP
(cm )
-3

trap states
density

Qt (cm-2)

crystallite
size (nm)

--

--

--

--

--

--

--

--

--

--

--

--

--

PbS-S−SPS after SPS at 600°C 49.18 50.82 -0.03 1.8×1018 1.16×1012 1.17×1021 2.92×1013
PbS-ref.−SPS after SPS at 600°C 50.98 49.02 0.04 1.7×1018 2.02×1012 1.56×1021 6.12×1013
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Scherrer

--

after SPS at 600°C 55.40 44.6 0.19 3.72×1019 1.44×1013 7.40×1021 2.04×1014
after sulfur
48.51 51.49 -0.06
treatment at 600°C

barrier
height (eV)

0.352
198.9
-0.046
206.1
0.151
308.8

Table 4.2. XRD analysis of the SPS sintered samples.

measured values from the XRD analysis
sample

sample description

d[111] (Å)

d[200] (Å)

I[200]/I[111]

I[200]/I[220]

crystallite
size (nm)*

PbS-SPS

after SPS at 600°C

3.43

2.97

1.33

2.27

198.9

PbS-S−SPS

after SPS at 600°C

3.41

2.96

1.28

2.13

206.1

PbS-ref.−SPS

after SPS at 600°C

3.43

2.97

1.35

2.33

309.8

*The crystallite sizes are calculated based on the Scherrer equation237 using the integral breadth of the XRD
peak areas with a Scherrer Constant of 0.89.

The performed TGA and ICP-OES analyses revealed several important observations: (i).
the sulfur loss occurred during the high-temperature annealing, not the solvothermal process. (ii).
sulfur loss peak centered at the temperature of 266.4°C. (iii) sulfurization prevented the sulfur
deficiency. However, another observation is still un-explained. Sulfur loss was a major event
happening at 266.4°C, and above this temperature only limited evaporation occurred with no clear
peak. This is consistent with the observation that SPS at 600°C only added small values to the
sulfur under-stoichiometry degree x caused by H2/Ar annealing at the same temperature. In order
to gain a deeper insight, DFT calculations of v··
S formation energy was performed on the surface
as well as the bulk of the materials (Figure 4.4). The PbS crystal with no vacancy was assumed as
the ground state. Then on sulfur atoms in a 9-step process was removed from the surface and the
bulk. The calculation suggested a major energy obstacle against the S removal from the bulk of
the material being 1.72 times higher than that of the surface. These calculations suggest that v··
S
sites are first created on layers close to the surface. Creation of v··in
the deeper layers faces larger
S
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barrier energies. This can explain the sulfur loss being a major event at 266.4°C. The small
concentration of sulfur under-stoichiometry addition after SPS can also be explained by having a
smaller outer surface by pelletization of the powders under SPS pressing conditions. In addition,
the major v··
S sites were formed prior to SPS during the H2/Ar thermal annealing of the powders
removing sulfur from the layers closer to the surface.

114

Figure 4.4. DFT calculations of v··
S vacancy formation energy values for the bulk and
surface of the PbS in a 9-step S removal: (a). The corresponding atomic arrangements in the 9-step
S removal process from the PbS: (b) surface and (d) bulk.
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4.3.1. Electro-thermal transport property measurements
The temperature-dependent electrical conductivity data of the samples are shown in Figure
4.5a. The electrical conductivity of PbS-SPS sample with x = 0.19 (the sample with the highest
-1
concentration of v··)
S exhibited a small decrease from 20.6 to 14.3 S cm as the temperature is

increased from 302.3 to 416.7 K. From 464.2 to 609.7 K, the electrical conductivity showed a
rapid increase to 71.7 S cm-1. Above this range, the electrical conductivity remains fairly constant.
Such behavior can be caused by solid-state chemical reactions upon cycling as has been previously
reported251. However, repeated TGA analysis at a high-temperature of 600°C did not confirm
occurrence of such reactions. The other reason for such trend in the electrical conductivity can be
due to a change in the majority of carriers due to increasing carrier concentration by thermal
activation23. In such cases, a sign inversion in Seebeck coefficient measurements is expected.
However, PbS-SPS sample demonstrates an n-type behavior over the entire temperature range with
no sign inversion (Figure 4.5b). Another, explanation can be due to existence of potential barriers
in the sample. As the temperature increases, some of the charge carries gain enough energy to
jump over the barrier caused by the charged grain boundaries according to the model proposed by
Seto218. The sulfurized sample, (PbS-S−SPS with x = -0.03), exhibited a steady enhancement of
the electrical conductivity as temperature increases (Figure 4.5a). A maximum value of 14.4 S cm1

is measured at a temperature of 854.8 K. Interestingly, the Seebeck coefficient measurements

showed a p-type behavior over the entire temperature range with a maximum of S = 373 μVK-1 at
a temperature of 465.4 K. The p-type behavior suggests the existence of excess sulfur with no v··,
S
which is consistent with the performed ICP-OES analysis. The slope in logarithm of electrical
conductivity versus 1/kBT curves in the linear region was taken in order to estimate the barrier
heights (Figure 4.5c). In contrast to PbS-SPS and PbS-S−SPS, the reference sample (PbS116

ref.−SPS) shows a trend that is expected for electrical conduction dominated by phonon-electron
scattering known as metallic behavior (decreasing vs. temperature) (Figure 4.5a, d). However, at
temperatures above 600 K, the behavior changes as the electrical conductivity increases from 12
to 16.3 S cm-1 at temperatures of 661 and 885.5 K, respectively (Figure 4.5c,d). The Seebeck
coefficient of the reference sample shows an n-type behavior with a maximum S = -453.5 μVK-1
at T = 564.4 K (Figure 4.5b).

Figure 4.5. (a) Temperature dependent electrical conductivity measurements. (b)
Temperature-dependent Seebeck coefficient measurements. (c) Logarithm of electrical
conductivity versus 1/kBT in order to calculate the barrier height according to Seto modeling218,
(d) Modelling of the electrical conductivity of PbS-ref.−SPS sample based on the phonon-electron
scattering. (e) The carrier concentration can be estimated from the room temperature experimental
data and DFT/BoltzTraP calculated values of Seebeck coefficients. Degenerate regime carrier
concentrations are indicated by solid symbols and the values closer to the intrinsic regimes are
shown by open symbols. (f) A comparison between the experimentally measured electrical
conductivity values for the synthesized polycrystalline samples with those from the
DFT/BoltzTraP calculations representing the expected single crystalline defect-free values at 300
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K. (g) Calculated barrier height versus carrier concentrations. The estimated carrier concentration
values based on DFT were considered as the lower limit (n) and the carrier concentrations obtained
based on the ICP-OES analysis were considered as the upper limit (N). (h) DFT calculation of PbS
electronic density of states (DOS).

According to the trapping states model218, the doping concentration N can be larger than
mobile carrier concentration n as a portion of the carriers are immobilized in the trap states at the
interface. The mobile carrier concentration can be measured by the Hall method. In the current
work, n is estimated by a comparison between the measured the Seebeck coefficients with those
obtained from the BoltzTraP calculations at 300 K. For the measured Seebeck coefficient, there
are two possibilities for corresponding carrier concentrations as shown by solid and open symbols
in Figure 4.5e. Using the electrical conductivity data and those from DFT calculations (Figure
4.5f), the solid symbols were considered to estimate carrier concentrations n for the samples as the
values obtained by open symbols are very far from the measured electrical conductivities. Using
Seto’s formulations218, the barrier height vs. the carrier concentrations is plotted in Figure 4.5g for
each sample. The lower limits of carrier concentration n were estimated from experimental
Seebeck measurements and DFT calculations and the upper limit N were based on the performed
ICP-OES analysis (Table 4.1). Based on the Seto’s formulations, in the range NL > Qt, the height
of the barrier decreases as the carrier concentrations increases (EB ∝ 1/N) (Figure 4.5g). For the
PbS-SPS (x = 0.19), PbS-S−SPS (x = -0.03), and PbS-ref.−SPS (x = 0.04), the density of trap states
and barrier heights of Qt = 2.04×1014, 2.92×1013, 6.12×1013 cm-2 and EB = 0.352, 0.151, 0.046 eV
were calculated, respectively (Table 4.1 and Figure 4.5g). For PbS-ref.−SPS sample, the barrier
height was calculated only in temperatures above 600 K in the linear region of the logarithmic
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curve shown in Figure 4.5c. Because the grain boundaries and morphologies of the PbS-SPS and
PbS-S−SPS seemed to be similar by using TEM and SEM analysis, the much higher barrier height
of the former compared to the latter (sulfurized sample with no v··)
S is attributed to the high
concentrations v··
S vacancies. Each v··
S can introduce two negative charge which can essentially be
trapped in the interfaces creating a highly charged barriers against electrons/holes transport. The
different temperature-dependent electrical conductivity of the reference sample compared to
solvothermally synthesized samples can be due to its much lower grain boundary density as shown
in Figure 4.6.

Figure 4.6. A compression of the morphology and grain boundary concentration of the
solvothermal synthesized sample with those of the reference sample.

Temperature-dependent total and lattice thermal conductivity of the samples are shown in
Figure 4.7a,b. In order to extract lattice thermal conductivities, the Lorenz numbers were
calculated based on the measured Seebeck coefficients according to Kim and Snyder et al.,
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.

PbS-SPS and PbS-S−SPS exhibited lower lattice thermal conductivities compared to those of PbS119

ref.−SPS. The porosity-corrected thermal conductivity of PbS-ref.−SPS decreased more rapidly as
the temperature increased approaching those of the other samples. Porosity corrected values of the
1.081, 1.28 and 1.23 Wm-1K-1 was measured for PbS-SPS and PbS-S−SPS and PbS-ref.−SPS, at a
temperature of 873 K, respectively. The porosity correction calculation was based on the measured
density compared to that of the theoretical value according to the Eucken253, 254 and Russel255
models. DFT calculations estimated the lattice thermal conductivity to be 0.833 Wm-1K-1 at 870
K. The DFT calculated total thermal conductivity, as well as lattice and electronic contributions
were shown in Figure 4.7c. The calculated effective mass values have been demonstrated in Figure
4.7d.

Figure 4.7. (a) Measured temperature-dependent total thermal conductivity values. (b)
Lattice thermal conductivity of the samples without (symbols, solid lines) and with (dashed lines)
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porosity corrections. (c) DFT calculated total, lattice, and electronic thermal conductivity of PbS
at 300 K. (e) DFT calculated effective mass for PbS at 300 K.

Prior to thermal diffusivity measurements using LFA-457 Microflash, NETZSCH, pyrex
7740 and pyroceram 9606 reference samples were measured and the obtained data was compared
with those provided from NETZSCH Group. An excellent agreement was observed as shown in
Figure 4.8.

Figure 4.8. A comparison between the measured thermal conductivity values with those
provided by NETZSCH for the same reference samples of pyrex 7740 and pyroceram 9606.

Multiple runs of the electrical conductivity, Seebeck coefficient and thermal conductivity
measurements have been plotted in Figure 4.9. First the thermal diffusivity measurements were
conducted on the pellets obtained from SPS at 600 and 700 °C (Figure 4.9a,b). Figure 4.9a
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indicates a good agreement between the first and the second run thermal conductivity
measurements of the pellet with SPS at 600°C. A good reproducibility is also observed for the data
collected while heating and while cooling back to room temperature for the sample with SPS at
700°C, as shown in Figure 4.9b. After the thermal diffusivity measurements, the samples were cut
into rectangular bars, and the surfaces were re-polished for the electrical conductivity and Seebeck
coefficient using ZEM-3 instrument. Figure 4.9c compares the 1st and 2nd electrical measurement
runs for a PbS rectangular bar obtained from a pellet with SPS at 600 ℃. Interestingly, in the
second run, the sample exhibited higher values of electrical conductivity at temperatures below
800 K (e.g. 44.5 S cm-1 compared to 14.9 S cm-1 at room temperature for the 2nd and first runs,
respectively). However, the electrical conductivity values for both runs approached 71.3 S cm-1 at
a temperature of 806 K. This behavior can be explained by using the barrier height versus carrier
concentration plot shown in Figure 4.5g. After each run at the temperature range up to 600°C, the
carrier concentration increases due to sulfur evaporation. By increasing the carrier concentration,
the barrier height decreases, thereby improving the electrical conductivity. At the high temperature
of 800 K, all the carriers have gain enough thermal energy to jump over the barrier causing the
electrical conductivities to approach the same value. The Seebeck coefficient values remain
relatively close within the range of the Seebeck measurement uncertainty despite sulfur
evaporation (Figure 4.9d). This is due to the carrier concentration being in the degenerate region
where Seebeck coefficient change versus carrier concentration remains fairly small (solid square
symbol in Figure 4.9e). In contrast, the barrier height changes rapidly versus the carrier
concentration (based on EB ∝ 1/n, See Figure 4.5g). This means that even a slight S evaporation
can alter the barrier height. Similar trend was seen between the first and second run of the sample
made from a pellet with SPS at a higher temperature of 700°C (Figure 4.9e,f). The 2nd run of this
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sample exhibited a phonon-electron scattering similar to that of the reference sample which was
attributed to the more effective sintering of the grain boundaries by SPS at 700°C. The density of
this sample was measured as 6.65 g cm-1 compared to those of the sample with SPS at 600°C and
the reference sample being 6.28 and 7.34 g cm-1, respectively.
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Figure 4.9. Thermal conductivity measurements of the samples (a) after SPS at 600°C, 1st
(red) and 2nd (purple) runs on the same pellet, and (b) after SPS at 700°C during heating to 600°C
(red) and cooling back to room temperature (purple). Temperature-dependent measurements of
PbS samples from two rectangular cuts of the same pellet after SPS at 600°C: (c) electrical
conductivity measurements, (d) Seebeck coefficient measurements. 1st and 2nd measurement runs
of the PbS sample after SPS at 700°C: (e) electrical conductivity measurements, (f) Seebeck
coefficient measurements.

A good agreement between the first and second run thermal conductivity measurements of
the reference sample is shown in Figure 4.10a. The electrical conductivity and Seebeck coefficient
measurements of two rectangular bars from the same pellet have been shown in Figure 4.10b,c
indicating the sintered pellet being homogenous.

Figure 4.10. (a) Thermal conductivity, (b) electrical conductivity, and (c) Seebeck
coefficient measurements of the reference PbS sample. The thermal conductivity measurements
were conducted on the same pellet. The electrical conductivity and Seebeck coefficient
measurements were performed on two different rectangular bars from the same pellet.
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4.4. Conclusion
The effects of highly charged interfaces on the electro-thermal transport properties of Pb1x

was studied. High concentrations of grain boundaries were observed for the samples synthesized

using solvothermal method with dendrite structures compared to the reference sample. Sulfur
vacancy was formed during the annealing process with a major loss at the temperature of 266.4
℃. DFT calculations suggested that this major loss was attributed to the regions close to the surface
as the v··
S surface formation energy was 1.72 times less than that of the bulk. The sulfurization
process prevented v··
S vacancy formations creating p-type samples. The electrical conductivity
behavior of the PbS-SPS (x = 0.19) and PbS-S−SPS (x = -0.03) was dominated by thermionic
transport through charged interface barriers. The electrical conductivity behavior of PbS-ref.−SPS
was dominated by phonon-electron scattering at temperatures below 600 K due to lower
concentration of grain boundaries. Barrier heights of EB = 0.352, 0.151 and 0.046 eV were
estimated for PbS-SPS, PbS-S−SPS, and PbS-ref.−SPS. The much larger barrier height of PbSSPS was due to high density of vS·· vacancies charging the interfaces, and thus, raising the barrier
potential.
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CHAPTER 5: An Instrument Design for Consecutive and Accurate Measurements of
Seebeck Coefficient, Thermal Conductivity, Electrical Conductivity and Ionic Conductivity
5.1. Background: Cold-finger effect
Thermoelectric energy conversion holds the potential to convert unused streams of thermal
energy, offering improved reliability with no moving parts, smaller size, longer operational
lifetime on the order of decades, and thermal efficiencies on the order of 5–10%. It should be noted
however that the laws of nature do not dictate an upper limit on the performance metric of
thermoelectric materials, and thus this technology is capable of achieving one third of the Carnot
efficiency, deemed the definition of a practical system18. Many promising material systems may
lead to breakthroughs in efficiency including mesoporous materials27, 256, 257, new phases of solidstate synthesized materials30, 32, 258, and possibly topologically insulating materials259. However,
experimental observations are rare and controversial as there is a wide degree of uncertainty arising
from the current use of disparate measurement techniques on different samples which erodes
confidence and obfuscates material design efforts260-262.
There are 3 material properties that figure into the device efficiency263: (1) electrical
conductivity, σ, (2) thermopower (Seebeck coefficient), S, and (3) thermal conductivity,

κ=κelectronic+κlattice which is comprised of electronic and lattice contributions. Commercial
technology utilizes materials with a dimensionless thermoelectric figure of merit on the order of
unity, defined as zT ≡ (S2σ/κ)T, where T is the absolute temperature. Measurement of the Seebeck
coefficient is an important way to conduct high throughput screening studies used for experimental
validation of computationally designed materials to increase efficiency. Therefore, the accuracy
of this particular measurement is of critical importance to demonstrate an acceptable level of
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experimental confidence. The most widely accepted techniques to measure Seebeck coefficient
are the Ulvac ZEM-3 instrument for a bar of material longer than 6 mm in height, or the Snyder264,
265

technique where thermocouples are applied axially to minimize errors at high temperature

(Figure 5.1). An ideal design for Seebeck coefficient requires measurements of temperature and
voltage difference to be conducted at well-defined locations. Thus, thermocouples are used to serve
both as probes for temperature measurements and as voltage leads. However, one major source of
uncertainty is that the temperature measurement is obtained at the thermocouple junction, which
is not necessarily the same point as the voltage measurement due to finite sizes of the
thermocouples leads264. This uncertainty can be intensified by increasing the temperature gradient
across the thermocouple lead if the thermocouple act as a fin and removes heat from the sample.
This is phenomenon is known as cold-finger effect which can dominate the error and overestimate
the Seebeck coefficient by 13% at 917°C for a silicon germanium thermoelectric sample in a ZEM3 instrument266. This arises from long thermocouples with large junctions touching the side surface
of the sample and drawing non-negligible heat fluxes. Snyder265 developed a new design by
embedding axial thermocouples at the center of the heat spreaders in order to reduce the
temperature gradient across thermocouple junctions, thereby suppressing the cold-finger effect.
Moreover, very fine wires of two different materials (niobium and chromel) were used in a crossedwire geometry connected via mechanical force applied at the junction.
Although a detailed estimation of uncertainty for the ZEM-3 instrument has been
performed266, to the best of our knowledge computational thermal analysis of the Synder et al.264,
265

axial thermocouple design is not available. Herein, uncertainty in the method used by Iwanaga

and Snyder et al.264 for Seebeck coefficient measurements is quantified using finite-element
analysis, which confirms this method’s reduction of error caused by the cold finger effects.
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Figure 5.1. (a) Overview of the experimental methodology modeled in this work. The Seebeck
coefficient is obtained by measurement of the (b) temperature difference and (c) thermovoltage
through the relationship S=-(V+–V-)/(Thot–Tcold). (This figure was prepared by Dr. Michael Pettes).
5.2 Finite element analysis of the Seebeck measurement apparatus of Snyder et al.264
In order to analyze the uniaxial four-point geometry and its cold finger effects, we have
produced the geometry given in ref.

264

. Figure 5.2 illustrates the physical geometry of the

measurement setup used in the modeling. A 25 mm-diameter, 2 mm-thick pellet sample was used
for the modeling. Two boron nitride heat spreaders were placed at the top and the bottom of the
sample, with diameters of 60 mm and height of 35 mm each, with a 0.2 mm-thick sheet of grafoil®
in between, matching the sample diameter. Cylinders 8 mm in diameter and 25.4 mm in height
were used in place of cartridge heaters, with six heaters embedded into each of the heat spreaders
symmetric about the center axis. Two 2.197 mm-diameter mullite tubes were inserted through the
center of the heat spreaders and onto the surfaces of the grafoil® sheets at the top and bottom of
the sample. Two 0.1 mm-thick leads of chromel and niobium were then threaded through the
mullite tubing and embedded into the grafoil® sheets. Three equally spaced equi-radial thin-walled
cylinders of Inconel® with 13.52 mm diameter, 127 mm in height and 0.71 mm thickness were
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placed onto both the top and the bottom heat spreaders. Copper wires 1.87 mm in diameter were
attached to the outer surface of each of the cartridge heaters, while a 1.6 mm-diameter
thermocouple probe was embedded into each of the heat spreaders. All of the wires, probes, mullite
tubing, niobium and chromel leads, and Inconel cylinders were made to terminate 200 mm from
the top and the bottom edges of the heat spreaders. The entire model was constructed with a
bilateral symmetry, and the system was bisected vertically to reduce the computational cost.
A thermal boundary condition was set up so that the terminating ends were at room
temperature. All outer surfaces were assumed to be perfectly enclosed in a radiation shield set at
temperatures of 300, 500, 700, and 900°C. The sample sides were also set to undergo radiation
with the overhanging surfaces of the heat spreaders. The cartridge heaters in the top and bottom
heat spreader were set as internal heat generation with values adjusted to produce a temperature
difference of approximately 0, 5 and 10°C across the sample with a cold side temperature set at
900°C (Table 5.1). The entire system was placed at a high vacuum condition with no convective
heat transfer, and contact resistances were not included. An open-circuit condition was assumed
in order to neglect thermoelectric modeling. Thermal conductivities and emissivity for the boron
nitride, mullite, niobium, and chromel were estimated using the Thermophysical Properties of
Matter handbooks267. Pyroceram 9606 was chosen as the sample as the thermal conductivity is
known accurately and used as a calibration standard (see Table 5.2 for thermal conductivity
provided by the Netzsch Group). The thermal conductivities of the grafoil® and Inconel® were
estimated using product specifications given by Graftech Inc.268 and the Special Metals
Corporation23, respectively. The entire model was discretized into 1,340,789 elements, and the
Mechanical ANSYS Parametric Design Language (MAPDL) non-linear iterative solver was used.
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Figure 5.2. Physical geometry of the computational model. The heat spreaders are made of
boron nitride. The six thin-walled support cylinders are made of Inconel®. The thermocouple
configuration includes mullite tubing with niobium and chromel in a crossed-wire geometry
based on the design of Snyder et al. 264
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Table 5.1. Heater power inputs required in the model at different set-point temperatures.
Six cartridge heaters were used inside each heat spreader, with each having a volume of
8.04398×10-7 m3.

Cold side center

∆T = Thot–Tcold

Radiation shield

temperature(°C)

(°C)

condition

0

--

14,554,000

14,554,000

5

--

16,230,000

13,390,000

10

--

18,000,000

12,190,000

0

--

204,200,000

204,200,000

5

--

209,850,000

201,870,000

10

--

215,500,000

199,550,000

0

not heated

58,580,000

58,580,000

5

not heated

60,570,000

57,410,000

10

not heated

62,789,000

56,125,000

0

heated

3,189,000

3,189,000

5

heated

5,323,500

1,984,700

10

heated

7,458,000

780,400

300

900

900

900
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Hot side

Cold side

heater power (Wm-3) heater power (Wm-3)

Table 5.2. Thermal conductivity of pyroceram 9606 measured experimentally by Netzsch
Group.

Temperature (°C)

Thermal conductivity (Wm-1K-1)

25

3.904

100

3.729

200

3.481

300

3.305

400

3.154

500

3.043

600

2.966

700

2.883

900

2.815

1000

2.770

5.3 Finite element analysis of the cold-finger effect
The temperature distribution across the sample diameter at the top and bottom surfaces can
be seen in Figure 5.3, as a variation from the sample center temperature. Since the surrounding
heat spreaders have much lower resistance, more heat flows through the sides, causing higher
temperatures on the hot side and lower temperatures on the cold side. While the grafoil® sheet
reduces this effect and creates a more uniform temperature distribution, a non-negligible amount
of variation remains. The upper surface temperature distribution changes appreciably with the
measurement temperature, which can be attributed to competition between radiation losses at the
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sample sides and increased thermal resistance through the heat spreaders arising from the
temperature dependence of the thermal conductivity, resulting in reduced temperature variation at
high temperatures. In order to estimate the effect of the surrounding radiation effective emissivities
were calculated based on269

ε eff =

1

ε surface

1

r
1
+ i(
− 1)
ro ε shield

,

(5.1)

where we have set the ratio of the tungsten shield (ro) and heat spreader (ri) radii to 1.87. Figure
5.3 illustrates temperature variations across the hot and cold sides of the sample at 900°C for the
cases with no radiation shield, room temperature radiation shield, as well as radiation shield kept
at the same temperature as that of the center of the cold side i.e. 900°C. All cases were modeled
for ∆T = 0, 5 and 10°C, where ∆T is defined by the difference between the center temperature at
the upper and lower surface of the sample. It can be observed that the temperature variations on
both surfaces are dominated by the three heat fluxes: heat generation from the top and bottom
heaters transferred through the heat spreader and the grafoil® sheets, thermal conduction through
the central thermocouples (cold-finger effect) and radiation from the sample circumference side.
The thermal transport through the central thermocouples causes a minimum at the center of the
sample. Sharp slopes at the sides of the sample are due to parasitic radiation. The maximum
temperature variation increases by increasing the temperature drop across the sample, ∆T. For the
cases with no radiation shield and with a room-temperature shield, the maximum of the
temperature variation occurs at locations between the center and the side of the sample. In contrast,
in the case with heated radiation shields (at 900°C), a minimum for the hot side and a maximum
for the cold side occur at center of the sample for ∆T = 5 and 10°C which is due to suppressing
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thermal radiation by the heated shield (Figure 5.4). In this case, the radiation is transferred to the
sample as opposed to prior cases because the shield temperature (900°C) is greater than that of the
circumference side. For the ∆T = 0 the radiation contribution is negligible. Standard deviations of
all cases can be found in Table 5.3.

Figure 5.3. Temperature distribution on the hot surface (left panels) and on the cold surface (right
panels) with (a,b) no radiation shield, (c,d) a radiation shield set at 25°C, and (e, f) a radiation
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shield set at 900°C. ∆T represents the temperature difference between the centers of the hot and
cold sample surfaces.

Figure 5.4. Spatial temperature distribution across hot and cold sides of the sample at
900°C with ∆T = Thot – Tcold = 10°C: (a,b) without the use of a radiation shield, (c,d) with a radiation
shield set at 900°C.
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Table 5.3. Standard deviation in the sample temperature distribution on the cold and hot
sides at different radiation shield conditions for the bottom center (cold-side, center) of the sample
being held at a temperature of 900°C with a temperature difference of ∆T across the sample. ∆T
describes the temperature difference between the top (hot) center and the bottom (cold) center.

Standard deviation of Tsurface (°C)

Sample

Radiation shield

surface

temperature (°C)

∆T = 0°C

∆T = 5°C

∆T = 10°C

Hot

--

0.67

0.60

0.58

Cold

--

0.65

0.88

1.03

Hot

25

0.45

0.57

0.73

Cold

25

0.46

0.41

0.46

Hot

900

0.02

0.21

0.41

Cold

900

0.02

0.18

0.37

Temperature distribution across the measurement apparatus, top and bottom thermocouples
as well as the niobium-chromel crossed-wire junctions are shown in Figure 5.5. It can be seen that
sinking the thermocouples in the heat spreader is indeed effective in reducing the temperature
gradient in areas close to the measurement contact leads. As a result, only small variations are
observed on the cross-wire leads calculated as maximum variations 0.219, 0.216 and 0.056°C on
the cold side for the case with no shield, shield at 25°C, and shield at 900°C respectively. Thus,
by heating the tungsten radiation shield, the temperature gradient across the thermocouple lengths
is effectively reduced, thereby, decreasing the cold-finger effect. However, it should be noted that
temperature distribution across the crossed-wire leads is related to the contact thermal resistance
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between the leads, grafoil®, as well as the sample. These contact resistances can be the dominant
factors as the leads are in contact only via mechanical force.

Figure 5.5. The temperature distribution of the entire measurement apparatus, top and
bottom thermocouples, and crossed-wire thermocouple junctions of the niobium and chromel leads
at 900°C with ∆T = 10°C across the sample. Distributions are shown for the cases of (a) no radiation
shield present, (b) a tungsten radiation shield at 25°C, and (c) a tungsten radiation shield set at
137

900°C. Embedding the thermocouples inside the heat spreaders suppresses the temperature
gradient along the thermocouples, mitigating the cold-finger effect.

Table 5.4 lists the uncertainty analysis of the Snyder’s265 design. Two types of uncertainties
were taken into account. The uncertainty due to non-uniform temperature distribution on the top
and bottom surfaces of the sample where the temperatures are measured by the axial thermocouples
and the uncertainty due to the cold-finger effect. The former is caused by thermal resistances and
the radiation heat loss from the outer surface of the sample. It is noted that the results are calculated
for a pyroceram sample assuming the isotropic thermal conductivity with values specified in Table
5.2 and emissivity values obtained from Thermophysical Properties of Matter handbooks267. The
uncertainty due to surface temperature distribution was calculated based on:

U Tsurface =

(Th ,average − Tc ,average ) − (Th ,measured − Tc ,measured )
(Th ,measured − Tc ,measured )

,

(5.2)

where Th,average and Tc,average are the average of the top (hot) and bottom (cold) surfaces of the
sample, respectively. Th,measured and Tc,measured are the calculated temperatures of the sample center
on the hot and cold surfaces, respectively, where the temperatures are measured by the axial
thermocouples. The uncertainty due to the cold-finger effect was calculated according to:

U cold − finger =

(T j1hot ,average − T j1cold ,average ) − (T j 2hot ,average − T j 2cold ,average )
(T j1hot ,average − T j1cold ,average )

,

(5.3)

where Tj1hot,average, Tj2hot,average, Tj1cold,average and Tj2cold,average are the average temperature of the first
and second cross-geometry thermocouple junctions on the hot and cold sides, respectively (see
138

Figure 5.5). The average values were calculated on the junction surfaces. The two niobiumchromel junctions are used for voltage and temperature measurements on each side.

The overall uncertainty was obtained by:

=
U total

(U Tsurface ) 2 + (U cold − finger ) 2 ,

(5.4)

where UTsurface and Ucold−finger were calculated based on Equation (5.2) and Equation (5.3),
respectively.

In order to identify the effects of the sample being in a different diameter than the heat
spreader, the analysis was performed for rs/ rh = 0.42 and 1 where rs, and rh refer to the radius of
the sample and the heat-spreader, respectively. For the case rs/ rh = 1, the results showed uncertainty
values of 8.73% and 0.4% caused by a surface temperature non-unifority and cold-finger effect,
respectively for the hot side and cold side average surface temperatures of 905.8°C and 900.6°C.
The overall uncertainty was calculated to be 8.74%. The calculated cold-finger uncertainty value
of 0.4% shows the very effective suppression of the cold-finger effect by using the axial embedded
thermocouples in the Snyder design265 compared to a 13% cold-finger uncertainty value of ZEM3 at a similar temperature of 917°C266. As the temperature of the hot side was raised to 912.7°C,
the uncertainty values remained fairly constant. The analysis for the case rs/ rh = 0.42 (sample
smaller in diameter than the heat-spreaders), larger uncertainty values of 10.13, 0.97, and 10.18%
were estimated for the surface temperature distribution, cold-finger, and overall uncertainty,
respectively for a case with average sample surface temperatures of 905.89°C and 900.9°C.
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Table 5. 4. The uncertainty analysis of the surface temperature distribution and cold-finger
effect in Snyder’s design. Thot and Tcold are the top (hot) side and bottom (cold) side temperatures
of the sample center, respectively with ∆Τ=Thot–Tcold being the temperature drop. The temperature
of the radiation shield was kept at 22°C. rs and rh refer to the radius of the sample and the heat
spreader, respectively. The total average temperatures and standard deviations were obtained on
the hot and cold surfaces. The uncertainty due to temperature non-uniformity was obtained
according to Equation (5.2). The uncertainty due to cold-finger effect was obtained based on
Equation (5.3). The overall uncertainty was calculated according to Equation (5.4).

Total surface average Standard deviation of Temperature uncertainty

Sample Tsurface (°C)

rs / rh

Tsurface (°C)

(°C)

(%)

Thot

Tcold

∆T

905.794

900.999

4.804

1

905.780

900.566

0.733

0.799

8.73

0.40

8.740

912.708

900.516 12.192

1

913.010

899.753

0.702

0.868

8.74

0.42

8.745

905.411

900.893

0.42

905.888

900.912

0.193

0.203

10.13

0.970

10.18

910.431

899.193 11.238 0.42

911.225

898.869

0.473

0.389

9.951

0.470

9.96

4.518

hot side cold side hot side cold side
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UTsurface Ucold-finger

Utotal

5.4 Design of a high temperature electro-thermal measurements apparatus *
5.4.1 Background
Obtaining accurate knowledge of temperature-dependent physical properties of
manufactured materials has significantly broad implications in various industries as these
properties are fundamental to many technologies. Measurements of thermal, electrical and ionic
conductivity of materials are essential for practical use of newly developed materials and can affect
the quality control aspects needed for the integrity of energy storage and conversion systems in
particular. High-precision measurements become more critical at high temperatures (above 400°C)
where obtaining accurate measurements of thermophysical properties, becomes more complicated
and challenging. Combined measurements of electrical and thermal properties have focused on
thermoelectric energy conversion for historical reasons where accuracy requirements are most
stringent260-262. Thermal-to-electrical energy conversion holds the potential to convert unused
streams of thermal energy, offering improved reliability with no moving parts, smaller size, longer
operational lifetime on the order of decades, and thermal efficiencies on the order of 5–10%
272

270-

. The laws of nature do not dictate an upper limit on the performance metric of thermoelectric

materials, and thus this technology is capable of achieving one third of the Carnot efficiency,
deemed the definition of a “practical system” by the U. S. Department of Energy18. However, the
current conversion efficiencies, are too low for practical applications. Therefore, method of
increasing this conversion efficiency are currently a topic of research, and measurement
instruments have been devised to characterize the results. The efficiency is related to the
dimensionless figure of merit zT273. There are three material properties that figure into zT: (1)

The finite element modelling was performed in collaboration with Hyun-Young Kim at the University of
Connecticut.
*
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electrical conductivity, σ, (2) thermopower (Seebeck coefficient), S, and (3) thermal conductivity,
κ. Currently, all three properties are measured in different instruments, at different times, and
requiring different materials. The problem arises, however, if an instrument is inaccurate or has an
excessive measurement error. A round-robin study of Seebeck coefficient measurements for undoped Bi2Te3 and constantan found coefficients of variations of approximately 0.04 and 0.06 at
100℃, respectively261. A round-robin study of the Seebeck coefficient and electrical resistivity of
Bi2Te3 and Bi0.5Sb1.5Te3 revealed measurement errors of about 5.5 % for Seebeck coefficient and
12.5% for the electrical resistivity on the first round, and 4% for Seebeck coefficient and 5% to
9% for the electrical resistivity on the second round262. This indicates the level of uncertainty
present in the currently used instruments. If an instrument’s results vary too widely from these
margins, or has an excessive measurement error, then its results may lose some significance. While
the individual errors may remain within an acceptable range, when converted into the zT form the
propagated error can become excessive. Indeed, a round-robin study for all thermoelectric
properties revealed a variation in zT ranging from 11.5 to 16.4%, from temperature ranges of 300
to 773 K due to the large error in its component properties274. The problem is further exacerbated
when different measurement instruments are used for each of the component properties, as this not
only combines the errors in each of the instruments, but may also require different sample
preparations, degradation of the samples, or use of multiple samples in general.
There are several problematic complications in existing experimental methods. The
electrical conductivity of cylindrical pellet samples can be measured using the van der Pauw
method
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. This method, however, cannot be integrated with Seebeck or thermal conductivity

measurements, as the voltage and current leads must be attached from the sides. During Seebeck
and thermal conductivity measurements, this will introduce an additional parasitic heat loss that
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will distort the temperature gradient. This cannot be mitigated by attaching the leads to a radiation
shield, since the electrical contacts will be touching a non-uniform range of temperatures. Thus,
van der Pauw methods must be performed in a separate portion of the instrument or using an
outside instrument altogether. García-Cañadas and Min275 arranged an apparatus for measuring
electrical resistivity via Van der Pauw method as well as Seebeck coefficient at room temperatures.
The Seebeck coefficient was measured by using only two probes directly in contact with the
sample in order to read the voltage and temperature difference along the two points of contacts275.
The presumption of using such configuration is that microstructure, temperature distribution and,
therefore, Seebeck coefficient is highly homogenous across the sample276. Thus, using such
methods is only appropriate for obtaining rough and quick evaluation of Seebeck coefficient at
low temperatures. Another method involves running a current directly through a sample, using
current leads embedded in the thermoelectric block. A square-wave alternating current is used to
negate thermoelectric contributions to the measured voltage drop. Both heaters and the radiation
shield are held at a desired temperature for measuring a desired property. The voltage fluctuation
is then measured with a lead possessing a low Seebeck coefficient (niobium), and resistivity can
be calculated as shown in ref. 277. The major concern, however, is determining the effects that arise
from non-uniform current distribution through the heat spreader and the electrical contact
resistance. This is more concerning for instruments where thermocouples do not directly touch the
sample. The most common scheme involves three separate measurements on three separate
instruments: (i) electrical conductivity and thermopower are obtained by an Ulvac ZEM-3
instrument for a single rectangular bar or cylinder of material, (ii) thermal diffusivity is measured
using a Netzsch Laser Flash Apparatus (LFA) for a single cylindrical pellet, and (iii) specific heat
capacity is measured using a Netzsch Differential Scanning Calorimetry (DSC) instrument for a
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single cylindrical pellet. As for existing commercial instruments for thermoelectric property
measurements, the ULVAC ZEM-3 measures the Seebeck coefficient by setting a temperature
gradient across two contact points along the height of a long rectangular or cylindrical sample, and
the electrical conductivity by pulsing an electrical current through the sample. It then measures the
voltage response using two thermocouples/voltage probes along the sample sides to extract S and

σ. By measuring at the sample sides in a four-probe off-axis geometry, this avoids the additional
contact resistances present in two-point geometries in which the probes are embedded in the
contacts. A thermal finite element analysis by Mackey et al.266 showed, however, that these
parasitic conduction pathways resulted in an error of up to -13.1% at high temperature ranges for
the Seebeck coefficient. A major contributor to this error was the cold-finger effect, in which the
probes at sample sides leeched heat away from the sample and thus distort the temperature
gradient. As a solution for this effect, Snyder et al.264, 265 developed an instrument in which the
probes were inserted axially through the contacts and onto the sample surface, thereby avoiding
both the contact resistance and the cold finger effect. In their design, a crossed-wire thermocouple
configuration composed of niobium and chromel wires were used at temperatures up to ∼652°C.

The thermocouple wires were threaded through a 4-bore ceramic tube, and the ceramic tube was
in turn heat-sunk to the heaters, in order to minimize cold-finger effects. This axial arrangement
of thermocouples minimizes errors at high temperatures265, however this method lacks the
capability to measure electrical or thermal properties. Configurations for different competing
electrical and thermal property characterization methods are given in Figure 5.6. Thermal
diffusivity measurements are conducted using transient flash diffusivity methods and specific heat
is measured by using differential scanning calorimetry (DSC). A round-robin investigation of these
measurements by Wang and co-workers262 revealed that thermal conductivity measurements
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contributed the greatest share in the overall uncertainty of the measured zT262. Two sets of roundrobin investigations were conducted on n-type Bi2Te3 and p-type Bi2Te3-Sb2Te3 alloy by using
Netzsch LFA447 and LFA457, TA Instrument/Anter Flashline5000 and XPlatform for themal
diffusivity measurements and three types of Netzsch DSC, TA Instrument DSC and Quantum
Design Physical Properties Measurement System (PPMS) for specific heat measurements. The
thermal diffusivity measurements showed the largest scatters of ±6% to ±10% at a temperature ~
502 K and ±15% to ±17% at 473 K, for the first and second round-robin investigations,
respectively262. Interestingly, DSC measurements posed the biggest challenge with more than
±15% scatter in the combined data at temperatures up to 502 K. The nature of DSC measurements
with three separate runs required to calculate the specific heat made the DSC measurements most
difficult to reproduce262. One main challenge arises from the un-stable baselines changing from
DSC to DSC equipment. The results showed more than ±15% scatter in the measured specific heat
values in a temperature range from ~ 300 to 473 K262. The results from seven laboratories on 14
samples indicated that the DSC measurement is the most operator-dependent measurement and
least likely to produce reliable data262. The data scatter for the figure of merit was ±6.8% near
room temperature and ±17.1% at 475 K262. Lacking the capability for reliable and accurate
measurements of the electro-thermal properties is even worse at higher temperatures above the
investigated range of 300 to 500 K. On the other hand, the current steady state methods for direct
thermal conductivity measurements are not rigorous enough to be employed for elevated
temperatures. Thus, there is a critical need for new designs with improved capabilities.
In the present work, we propose a new design for an instrument for accurate and
consecutive measurements of temperature-dependent thermal, electrical and ionic conductivities
as well as Seebeck coefficient at high temperatures (1000 ℃ and above). The embedded axial
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thermocouple configuration by Snyder’s design264,

265

is adopted and new modifications and

arrangements are proposed for consecutive measurements of thermal conductivity, electrical
conductivity and Seebeck coefficient in a single instrument. Additionally, a new configuration is
analyzed with potential capabilities to provide reliable measurements even at an exotic temperature
of 2500 ℃. This is the first time, a new design at such temperature ranges is presented with
capabilities to measure all the electro/electrochemical and thermal properties consecutively on the
same sample without the need for breaking the vacuum or inert gas environment suitable for highthroughput measurements or quality-control processes.
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Figure 5.6. Overview of current electrothermal property characterization methods in
comparison with the approach proposed here. The properties that must be obtained to quantify
device efficiency are the electrical conductivity (σ), thermal conductivity (κ), and Seebeck
coefficient (S). (This figure was prepared by Dr. Michael Pettes).

5.4.2. Instrument geometry description
In order to analyze the uncertainty in the electrothermal transport property measurements,
a finite element model of the instrument was produced. A 12.7 mm-diameter, 5 mm-thick pellet
sample was used for the modeling. Two tungsten heat spreaders were placed at the top and the
bottom of the sample, with diameters of 12.7 mm and height of 40 mm each, with a 0.25 mm-thick
sheet of grafoil® in between matching the sample diameter. Rectangular bars of 1.7 × 3 mm and 30
mm in height were used in place of cartridge heaters, with six heaters embedded into each of the
heat spreaders symmetric about the center axis. Two 1.5875 mm-diameter and 65 mm in height
alumina tubes were inserted through the center of the heat spreaders and onto the surfaces of the
grafoil® sheets at the top and the bottom. Two 0.1 mm-thick leads of tungsten and niobium were
then threaded through the alumina tubing and embedded into the grafoil® sheets. Three thin-walled
cylinders of alumina with 3.175 mm diameter and 1.75 mm thickness were each placed axissymmetrically on the top and the bottom heat spreaders. Tungsten wires of 0.2 mm in diameter
were attached to the outer surface of each of the cartridge heaters, while a 1.6 mm-diameter
thermocouple probe was embedded into each of the heat spreaders. All of the wires, probes, mullite
tubing, niobium and chromel leads, and Inconel cylinders were made to terminate 25 mm from the
top and the bottom edges of the heat spreaders. The entire model was setup with a bilateral
symmetry. The simulation was run for base temperatures of 100, 300, 500, 800, 900 and 1000°C.
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The support ends and wire ends for the hot side were set at 5°C higher than the base temperature
assuming they were sunken into the second stage heating platform, while cold ends were set at
22°C. The bisected surfaces were assumed to be adiabatic due to symmetry. All other exposed
surfaces were set with radiation with surrounding temperatures matching the hot-side temperature.
Both below and above heaters were then adjusted to produce a desired temperature drop from the
hot-side temperature to the base temperature at the center of the sample. It was assumed that the
wires and supporting columns were electrically insulated enough for an open circuit condition, and
therefore any thermoelectric effects were ignored. It was assumed that the entire system was placed
in a vacuum condition with no convective heat transfer, and the contact were assumed to be with
negligible resistances. An open-circuit condition was assumed in order to neglect thermoelectric
modeling. Thermal conductivities and emissivity for the all the materials were estimated using the
Thermophysical Properties of Matter handbooks267. The analyses were conducted on various
sample materials of silicon dioxide, pyroceram 9606, boron nitride, and hafnia (HfO2) with the
same handbooks used for property values. Thermal conductivity values of pyroceram 9606 were
adopted based on the data provided by NETZSCH group. The thermal conductivities of the
grafoil® were estimated using product specifications from Graftech Inc. 268 and the Special Metals
Corporation20. The entire model was discretized into 1,038,273 elements, and the Mechanical
APDL non-linear iterative solver was used. The outside perspective of the modeled apparatus and
a detailed view of the inside arrangement are illustrated in Figure 5.7.
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Figure 5.7. (a) Schematic of the high temperature electrothermal characterization
apparatus showing axial thermocouples, radiation shield and actively cooled heat sink. (b) Detail
of the enabling design components. (c) A detailed top view of the instrument design component.

5.4.3 Finite element analysis of thermal conductivity measurement
A flowchart algorithm of the performed steps in the ANSYS Steady-State Thermal
program is shown in Figure 5.8.
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Figure 5.8. A flowchart of the performed finite element analysis showing the steps from
importing the geometry to controlling the solution process in the ANSYS Steady-State Thermal
program.

By keeping track of the amount of heat flowing through the sample, qsample, the same setup
can also be used to measure thermal conductivity using the equation278

k =−

qsample Lsample
∆TAcross −sec tional

.

(5.5)

In a regular thermal guard design for a direct measurement of thermal conductivity, due to the
large heat losses in the instrument itself, the power input to the heaters will vary wildly from the
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actual heat flow through the sample, and therefore be unsuitable for thermal conductivity
measurements. This is particularly relevant at higher temperatures, where the heat losses are
magnified by the fourth-power term present in radiative losses. It is, however, possible to minimize
the heat losses from one side of the instrument in order to estimate the amount of sample heat flux
using the power supplied to the cartridge heaters. In order to minimize the conductive losses
through the supporting columns and probes, using long and narrow geometry with low thermal
conductivity materials is not enough, as the residual heat losses will directly contribute to the
measurement error. Instead, a change can be implemented in which all columns and probes are
sunk into a second heating stage with separately controlled heaters. This second stage can be set
to the nominal temperature of the initial heating stage so that there will be a minimal temperature
difference between the two stages. Combined with traditional usage of low cross-sectional areas,
large lengths, and low thermal conductivity materials, this can help reduce the errors to acceptable
degrees.
While convective losses are not an issue due to the common usage of vacuums, radiation
losses can still cause large problems with thermal conductivity estimation even with radiation
shields in place. This is a greater problem in high temperature measurements, due to the effects of
the fourth-power terms for radiative heat transfer. Two steps can be taken to alleviate these errors:
The radiation shield temperature can be set at the nominal temperature of the sample hot side,
rather than being fixed at the average temperature or at approximately similar temperatures. This
requires more accurate control of the radiation shield temperatures as well as the temperature
changing with the hot side temperature as the temperature drop is increased for more
measurements. It does, however, significantly reduce radiation losses from the hot side. This is
due to the fact that even when the radiation shield is set at the nominal hot side temperature, there
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will be some temperature variation, and therefore radiative losses. This can be further reduced by
having the radiation shield be made of a low-emissivity material, for a passive shielding effect.
Emissivities were adjusted to estimate the emissivity of the surrounding radiation shield by
using Equation 5.1. For this simulation, the ratio of radii was set at 0.7. The temperature of the top
surfaces where set to be 5°C above the nominal temperatures. The heater output was compared to
the averaged-heat flux down the sample presented in Table 5.5. As expected, there is a tendency
for there to be some heat loss from the upper heaters, and therefore the heat flux will be
overestimated from 2% at low temperatures and up to 7.6% at 1000°C. There is, however, a
competing effect from the radiation on the sample itself which tends to increase the heat flux along
the edges of the sample, especially in the lower half. This effect can be seen in Figures 5.9a, and
3b for both 300°C and 1000°C, respectively. Due to the fourth power present in radiative heat
transfer, the effect is about an order of magnitude bigger in scale at the 1000°C limit. The heat
flux, however, remains more stable at the centers of the sample. Instead, the steepest increases in
the heat fluxes are mostly in the bottom edges, where they will have the lowest amount of impact
on the measurement since it will have the least time to affect the temperature gradient, and the
measurement is done at the center. Table 5.5 also includes an average over the top surface of the
sample, before the radiation on the sample can take effect. This shows that, without the competing
effect, the heat flux is overestimated from 2.1% at low temperatures to 12.8% at high temperatures.
Since the heater losses are greater than the sample gains, higher emissivity samples as well as
slightly larger temperature gradients should be tolerable without increasing the error.
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Table 5.5. A comparison between the heater output and the average heat flux of the sample
at various temperatures. The specified temperatures indicate the temperature of the sample center
on the bottom (cold) surface. The center temperatures of the sample on the hot surface were kept
5°C above these values. The lower values of the top surface heat flux average, with no radiation
from the sample, indicates the overestimation of the sample heat flux due to radiation.

Temperature (°C)

100

300

600

800

1000

Heater output (W m-2)

1531.5

1721.5

1822.9

1973.2

2074.5

Full surface average (W m-2)

1499.4

1693.0

1785.9

1888.0

1916.0

Top surface average (W m-2)

1499.0

1689.0

1771.8

1834.0

1809.0

There is, however, a competing effect from the radiation on the sample itself which tends
to increase the heat flux along the edges of the sample, especially in the lower half. This effect can
be seen in Figure 5.9 for temperatures of 300°C and 1000°C. Due to the fourth power present in
radiative heat transfer term, the effect is about an order of magnitude bigger in scale at the 1000°C
limit. The heat flux remains more stable through the center of the sample. Instead, the steepest
increases in the heat fluxes are mostly in the bottom edges, where they will have the lowest amount
of impact on the measurement since it will have the least time to affect the temperature gradient,
and the measurement is done at the center. Table 5.5 also includes an average over the top surface
of the sample, before the radiation on the sample can take effect. This shows that, without the
competing effect which we have included in our model, the heat flux would be overestimated from
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2.1% at low temperatures to 12.8% at high temperatures. Since the heater losses are greater than
the sample gains, higher emissivity samples as well as slightly larger temperature gradients should
be tolerable without increasing the error.

Figure 5.9. The heat flux across the sample for (a) T = 300°C and (b) T = 1000°C.

The thermal conductivity that would be measured in this case was calculated using
Equation 5.5 and was compared with the input conductivity to obtain a relative error, as listed in
Table 5.6. This was compared to the error propagated from the temperature probe error as well as
the error between the input heat and the surface average. The two were found to be mostly in
agreement, varying by at most 0.56% at 1000°C. The errors tended to overestimate the thermal
conductivity, with minimum of 2.1% at 100°C and 8.22% at high temperature 1000°C. From the
propagated error, it can be seen that the heat flux is the dominant error source in the system. The
heat flux uncertainty values were calculated by:

U Heatflux =

q′′fullsurface,average
,
′′ ,output
qheater
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(5.6)

′′ ,output are the sample full surface average heat flux and the heater
where q′′fullsurface ,average and qheater
output, respectively obtained from Table 5.5 The temperature uncertainty was calculated based
on:

UT =

(Th ,max − Tc ,min ) − (Th ,measured − Tc ,measured )
(Th ,measured − Tc ,measured )

,

(5.7)

where Th,max and Tc,min are the maximum and minimum temperatures on the top (hot) and bottom
(cold) surfaces of the sample, respectively. Th,measured and Tc,measured are the calculated temperatures
of the sample center on the hot and cold surfaces, respectively, where the temperatures are
measured by the axial thermocouples. The propagated thermal conductivity error was calculated
based on:
=
U total

(U Heatflux ) 2 + (U T ) 2 ,

(5.8)

where UHeatflux and UT are the heat flux and temperature uncertainty values, respectively.

Table 5.6. The thermal conductivity error propagated from the temperature probe error,
and as the error between the input and the surface average heat flux. The specified temperatures
indicate the temperature of the sample center on the bottom (cold) surface. The center temperatures
of the sample on the hot surface were kept 5°C above these values. The heat flux uncertainty was
calculated based on Equation (5.6). The temperature uncertainty was obtained based on Equation
(5.7). The propagated thermal conductivity error was calculated according to Equation (5.8). The
direct thermal conductivity error was calculated based a comparison between the value obtained
from Equation (5.5) and the input value in the program.
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Temperature (°C)

100

300

600

800

1000

Temperature error (%)

0.21

0.26

0.30

0.41

0.65

Heat flux error (%)

2.09

1.66

2.03

4.31

7.64

Propagated conductivity error (%)

2.10

1.68

2.05

4.34

7.66

Direct conductivity error (%)

2.17

2.03

2.19

4.60

8.22

5.4.4 Analysis of thermal conductivity measurement (insulating top boundary condition versus
constant temperature)
The effects of the top boundary conditions being insulating vs constant temperature is
investigated. In reality, making an insulating surface at such high temperatures can be quite
challenging. One solution to add a heating block in contact with the support ends and wire ends
on the hot (top) side of the instrument. The role of this heating block is to keep the temperature
gradient on support and wire ends at minimum, thereby suppressing the parasitic heat loss through
conduction from the top side. The temperature of this heating block can be set by using
thermocouples embedded in the block. Figure 5.10a,b demonstrates the temperature distribution
across the instrument with a maximum temperature of 909°C with the radiation shield being kept
at 909°C. The temperature distribution across the top heat spreader outer surface is shown in Figure
5.10c,d. The maximum temperature gradient across this surface was calculated to be 0.45°C even
at the high temperature of 900°C. This temperature gradient plays an important role in the
uncertainty of measured thermal conductivity and needs to be kept small. This is due the fact that
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the radiation heat loss from the heat spreader is dominate compared to other surfaces on the tophalf of the instrument. This emphasizes the importance of the temperature of the radiation shield
being held at the nominal temperature of this surfaces.
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Figure 5.10. (a, b) Temperature distribution across the instrument. The top surface was
assumed to be insulator and the bottom surface was kept at 22°C. (c, d) Temperature distribution
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across the outer surface of the top heat spreader. The temperature gradient across this surface needs
to be kept low in order to minimize the radiation heat flux between this surface and the shield
contributing to the uncertainty of the thermal conductivity measurements.
Figure 5.11 demonstrates the temperature distribution across the sample for the top (hot)
and bottom (cold) sides. On both sides, the outer surfaces have higher temperatures due to the
inward radiation flux from the slightly hotter radiation shield. The variations at the center of the
sample are due to the axial thermocouples and insulating alumina tubing. Figure 5.11d shows that
the temperature variation on the sample is less than 0.012°C for both sides. Such a low temperature
variation indicates the suppression of the cold finger effect based on the axial thermocouple
configurations embedded in the heating block264. The results were obtained for a sample made of
pyroceram 9606 with a relatively low thermal conductivity of ~2.9 W m K-1 at 907°C. Keeping the
sample temperature variation at minimum is essential for Seebeck coefficient and electrical
resistivity measurements as the temperature variation contributes to the uncertainty, thereby
contributing to the overall error for zT.
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Figure 5.11. Temperature distribution for a pyroceram 9606 sample with a low thermal
conductivity of ~2.9 W m K-1 at 907°C. (a) Hot side, (b) cold side, (c) isometric view, and (d)
sample temperature variation along the radial direction with a maximum value less than 0.012°C
above the center point temperature where the thermocouple contacts the sample.
Figure 5.12 shows the temperature distribution across the thermocouples consisting of
tungsten-niobium wires. For the top side, the colder side of the thermocouple is in contact with the
sample causing the center of the sample to be at a slightly lower temperature (Figures 5.11a, 5.12a)
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which is the opposite of the bottom side (Figures 5.11b, 5.12b). Maximum temperature variations
of 0.015 and 0.017 °C were obtained for the top and bottom thermocouple junctions. Such low
variations highlight the elimination of the cold-finger effect by using axial thermocouples with
cross-wire geometry introduced by Snyder265.

161

Figure 5.12. Temperature distribution across the (a) top thermocouple and (b) bottom
thermocouple.
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The uncertainty values for the thermal conductivity measurement of the pyroceram 9606
sample have been listed in Table 5.7. Errors of -7.7% and -8.6% were estimated for the insulating,
and T = 915°C top boundary conditions, respectively. It can be seen that even when the boundary
condition is set at ~∆T = 8°C above the nominal sample temperature, the error increases only by
0.9% versus having a perfect insulating surface. ∆T = 8°C is quite practical with the current
temperature controller technologies. Thus, using an additional heating block contacting the support
ends and wire ends is feasible replacement for an insulating boundary condition.
Table 5.7. The thermal conductivity error propagated from the temperature probe error,
and as the error between the input and the surface average heat flux for the top surface set as an
insulator as well as set at 915°C. The sample was assumed to be pyroceram 9606. The specified
temperatures indicate the temperature of the sample center on the top (hot) and bottom (cold)
surfaces. The heat flux uncertainty was calculated based on Equation (5.6). The temperature
uncertainty was obtained based on Equation (5.7). The propagated thermal conductivity error was
calculated according to Equation (5.8). The direct thermal conductivity error was calculated based
a comparison between the value obtained from Equation (5.5) and the input value in the program.

Surface

Value

Top surface center temperature (℃) (Top boundary condition insulator)

908.47

Top surface center temperature (℃) (Top boundary condition kept at 915 ℃)

908.55

Bottom surface center temperature (℃) (Top boundary condition insulator)

905.10
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Top surface center temperature (℃) (Top boundary condition kept at 915 ℃)

905.13

Temperature error (%)

0.46

Top surface average (W m-2)

1867.6

Heater output (W m-2)

1810.2

Heat flux error (%)

3.07

Propagated thermal conductivity error (%)

3.1

Direct thermal conductivity error (%) (Top surface insulator)

-7.7

Direct thermal conductivity error (%) (Top surface kept at 915 ℃)

-8.6

5.4.5 A Modified design for direct thermal conductivity measurement at an ultra-high
temperature of 2500°C
The capability for direct thermal conductivity measurements at ultra-high temperature
ranges above 1500°C and even 2000°C can be quite beneficiary from a quality-control technology
stand point. A modified design for thermal conductivity measurement at 2500°C is analyzed. The
tungsten-niobium thermocouple wires design is replaced with a tungsten-5% rhenium versus
tungsten-26% rhenium combination. Such configuration is commercially available by OMEGA
with the upper limit of 2760°C24. The alumina tubing (melting point ~2070°C) is replaced with
hafnium oxide (HfO2) with a melting temperature of ~2810°C. The heat spreaders and the radiation
shield are assumed to be made of tungsten. Therefore, the only materials used in the proposed
instruments design for ultra-high temperature applications are tungsten (melting point ~ 3380°C),
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hafnium oxide (melting point ~2810°C) and tungsten-rhenium alloys (operating up-to 2760°C).
The sample is assumed to be made of boron nitride (melting point 3000°C) with a dimension of
12.7 mm in diameter and 5 mm in height. All the materials properties were adopted from the
Thermophysical Properties of Matter – The TPRC Data Series handbooks267. The first challenge
in this case is to create a temperature gradient across the sample. Because the proportionality of
the radiation heat flux with the fourth power of temperature difference, even a small temperature
difference creates a considerable flux from/to the radiation shield making the temperature
controlling challenging. To have a better control over the temperature gradient from the sample,
the radiation shield is split into two sections, i.e. having a top and bottom shield with separate
temperature control feedbacks. In practice, this can be made of two shields with embedded
cartridge heaters each one covering half of the height of the instrument. Thermocouples need to
be embedded in these shields for separate temperature controls. The temperature of the radiation
shield for the bottom half and the bottom heater power are used in order to control the temperature
gradient between the top and bottom surface of the sample. Table 5.8 lists the heater powers and
the temperature set points for top and bottom radiation shield. A temperature gradient of 4.4°C
between the hot and cold sides of the sample is calculated for the heater power values and radiation
shield temperature setpoints listed in Table 5.8. The performed analysis reveals an error of -17.15%
the thermal conductivity measurement of the sample at an average temperature of 2497.8°C.
Table 5.8. The thermal conductivity error propagated from the temperature probe error,
and as the error between the input and the surface average heat flux for a boron nitride sample at
~2500°C The specified temperatures refer to the temperature of the sample center on the top (hot)
and bottom (cold) surfaces. The heat flux uncertainty was calculated based on Equation (5.6). The
temperature uncertainty was obtained based on Equation (5.7). The propagated thermal
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conductivity error was calculated according to Equation (5.8). The direct thermal conductivity
error was calculated based a comparison between the value obtained from Equation (5.5) and the
input value in the program.

Surface

Value

Top heater power (W m-3)

4,000,000

Bottom heater power (W m-3)

1,000,000

Top surface temperature at the center (℃)

2500.042

Bottom surface temperature at the center (℃)

2495.628

Top radiation shield set temperature (℃)

2502

Bottom radiation shield set temperature (℃)

2490

Temperature error (%)

4.87

Top surface average (W m-2)

14094.415

Heater output on the top surface (W m-2)

14481.845

Heat flux error (%)

2.74

Propagated thermal conductivity error (%)

5.6

Direct thermal conductivity error (%)

-17.15
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Figure 5.13a-c demonstrates the temperature distribution across the sample hot and cold
sides. The maximum temperature variation was calculated to be less than 0.25°C. The temperature
distribution of the instrument is shown in Figure 5.13d. An average heat flux of 8,946,149.2 W m2

was calculated on the support ends and wire ends at the bottom (cooling side) of the instrument.

This value determines the overall flux that is needed to be removed from the instrument. This value
can be controlled by changing the temperature of the bottom shield as well as the bottom cartridge
heaters.
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Figure 5.13. Temperature distribution across: (a) the hot sides of the sample, (b) the cold
side of the sample. (c) Temperature variation across the radial direction on the sample for hot and
cold sides. (d) Instrument temperature distribution.

Radiation loss from the top spreader to the top radiation shield has a major contribution in
the uncertainty of the thermal conductivity measurements. The challenge is that, due to the thermal
resistance across the top heat spreader, there exists a temperature gradient of ~2°C along the heat
spreader. In such ultra-high temperature ranges, even, the smallest temperature difference between
the top heat spreader and the top radiation shield can cause a major heat loss/gain. Thus, even
though, the radiation shield is set at the average temperature of the heat spreader, the heat loss is
still considerable due to the fact that the top heat spreader is not a constant temperature surface.
Two solutions can be proposed in order to suppress such a heat loss: the first one is to use a material
with a very high thermal conductivity for the heat spreader design. Having a high thermal
conductivity material reduces the thermal resistance along the heat spreader, thereby the
temperature gradient. There are, however, few machinable candidates suitable for such a high
temperature ranges, and tungsten seems to be indeed a proper choice. The other solution is to
design multi-stage top radiation shield. Figure 5.14 compares the temperature gradient along the
top heat spreader for a single-stage radiation shield against a double-stage shield. For the single
shield, the temperature was set to 2502°C (average temperature of the heat spreader). For the
double-stage shield, the temperatures were set to 2502.1 and 2500.9°C for the first and second
stage, respectively. The error analysis for the double-stage shield has been listed in Table 5.9. It
can be seen that the thermal conductivity measurement error of -17.15% for a single-stage radiation
shield can be reduced to -13.31% by using a double-stage shield. An ideal situation is to use
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multiple stages depending on the height and temperature gradient of the heat spreader. A simpler
alternative is to use a radiation shield with an optimum thickness in order to create a similar
temperature gradient along the shield and the heat spreader as they both are made of the same
material i.e. tungsten.

Figure 5.14. Temperature gradient along the top heat spreader at the temperature range
~2500°C. (a) the radiation loss is suppressed with a single-stage radiation shield (b) radiation loss
is suppressed with a double-stage radiation shield.

Table 5.9. The thermal conductivity error propagated from the temperature probe error,
and as the error between the input and the surface average heat flux for a boron nitride sample at
~ 2500°C with a two-stage top radiation shield. The specified temperatures refer to the temperature
of the sample center on the top (hot) and bottom (cold) surfaces. The heat flux uncertainty was
169

calculated based on Equation (5.6). The temperature uncertainty was obtained based on Equation
(5.7). The propagated thermal conductivity error was calculated according to Equation (5.8). The
direct thermal conductivity error was calculated based a comparison between the value obtained
from Equation (5.5) and the input value in the program.

Surface

Value

Top heater power (W m-3)

4,000,000

Bottom heater power (W m-3)

1,000,000

Top surface temperature at the center (℃)

2499.489

Bottom surface temperature at the center (℃)

2495.27

Top radiation shield stage #1 set temperature (℃)

2502.12

Top radiation shield stage #2 set temperature (℃)
Bottom radiation shield set temperature (℃)

2490

Temperature error (%)

4.24

Top surface average (W m-2)

13983.44

Heater output on the top surface (W m-2)

14481.845

Heat flux error (%)

3.56

Propagated thermal conductivity error (%)

5.5

Direct thermal conductivity error (%)

-13.31
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5.5 Conclusion
5.5.1 Analysis of the cold finger effects in Snyder’s design summary
A finite element analysis was employed in order to calculate the cold-finger effect and
temperature distribution across the sample in Snyder et al.264, 265 at a high temperature of 900°C.
The analysis indicated that the sample temperature distribution is dominated by the radiation, heat
generation in the cartridge heaters, as well as cold-finger effects. Temperature variations (defined
as one standard deviation) of 0.219, 0.216 and 0.056°C were calculated on the thermocouple crosswires for the cases with no radiation shield, with a shield temperature set at 25°C, and with a shield
set at 900°C, respectively. This demonstrated the effectiveness of the embedded axial
thermocouple design provided that contact resistances to the sample are negligible. On the other
hand, presence of a temperature minimum at the center of the sample surfaces showed that heat
can still be drawn trough the thermocouples. Using a heated radiation shield was shown to be
effective in suppressing the temperature gradient across the thermocouples and effectively
mitigating the cold-finger effect. The performed analysis revealed that Snyder’s design265 was
indeed effective in eliminating the cold-finger effect by reducing the uncertainty to a very small
value of 0.4% for a sample with hot and cold average surface temperatures of 905.8 and 900.6 °C,
respectively. The uncertainty due to non-uniform surface temperature distributions was dominate
by being 8.73% leading to an overall uncertainty of 8.74%. By raising the temperature difference
between the hot and cold surfaces to 12.2 °C, the uncertainty values remained almost the same. A
mismatch between the diameter of the sample and that of the heat spreader enhanced the overall
uncertainty to be 9.96% for a case with the ratio of the sample radius to that of the heat spreader
to be 0.42. The average temperatures of the hot and cold surfaces were 911.2 and 898.9 °C,
respectively. The increased error was due to the increased radiation fluxes between the heat
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spreader and sample surfaces due to the mismatch causing a more non-uniform temperature
distribution. The cold-finger uncertainty remained to be 0.47%.
5.5.2 Instrument design summary
A device for measuring a plurality of material properties was designed to include accurate
sensors configured to obtain thermal conductivity, electrical conductivity, and Seebeck coefficient
for a single sample consecutively while maintaining a vacuum or inert gas environment. Four
major design factors were identified as the sample-heat spreader mismatch, the radiation losses,
the parasitic losses, and the sample surface temperature variance. The system size was limited in
order to prevent any sample-heat spreader mismatch error, which will result in a significant error
if it is larger than ~1.5. The radiation shield temperature was set at the hot-side heat spreader
temperature for more for practical purposes than to reduce the error, as the related errors were both
small and similar for possible configurations of radiation shield temperatures. Unavoidable
parasitic losses from the thermocouple were identified, although these can be reduced to
manageable levels using an upper thermal guard. Finally, the temperature variation on the sample
surface was reduced to 0.2°C by utilizing a thermally conduction interface material to help spread
out the heat. For a typical system, this all resulted in an overall error of -1.32% and +7.80% at a
temperature of 1000°C. Lower limits of -17.15 and -13.31% error in thermal conductivity
measurements were estimated at an ultra-high temperature of ~2500°C for a single-stage and
double-stage top radiation shield, respectively. Only tungsten, hafnium oxide and tungstenrhenium (for thermocouple wires) materials were used in the modified design for such a
temperature range. The major contribution to the error was due to the radiation heat loss from the
top heat spreader. An ideal situation was to have a radiation shield and top heat spreader with the
same temperature gradient. Such an ideal case can be approached by using a multi-stage radiation
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shield. It is noted that this design is not limited to thermoelectric characterization and will enable
measurement of ionic conductivity and surface temperatures of energy materials and high
temperature materials under realistic operating conditions.
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CHAPTER 6: Conclusion
In this thesis, thermal, electrical and electrochemical property measurements of various
materials was investigated. Materials were synthesized by using bottom-up approaches. XRD,
XPS, TEM, SEM, TGA, DSC, BET, and Raman analyses were employed in order to perform
structural, physical and thermochemical analyses.
Mn1-xCoxO/MWCNTs (0.0 ≤ x ≤ 1.0) exhibited high capacity values for lithium ion battery
anode applications. Controlled growth of nanoparticles on the outer walls of MWCNTs boosted
the electrical conductivity by 8 orders of magnitude. The was a crucial step towards introducing
Mn-based metal oxides for practical applications as MnOx are very attractive due to being
abundant. The results of present investigation showed that adding only 10% Co stabilized the MnO
phase and consequently improved the cycling stability. This was a valuable observation as phase
change in MnOx was responsible for poor cyclability in the literature data. Such paradigm indicated
that by using Co-alloying the phase transformation can be slowed resulting in more stable MnObased anodes.
It was found that a thermochemical interaction between PDDA polyelectrolyte with αMoO3 induced large concentrations Mo5+-v·O and Mo4+-v··
O oxygen vacancy bipolarons and
polarons, respectively. The phenomenon was confirmed by XRD, XPS and TGA analyses. A new
mechanism for such reaction was proposed based on DFT calculations. This was an important
observation because presence oxygen vacancies greatly affect physical and electrochemical
properties of metal oxides being even more interesting in the case of α-MoO3 which is an important
layered material. The presence of such vacancies, improved the electrochemical activity of MoO3x

samples.
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The effects of charged interfaces and grain boundaries on the electro-thermal transport
properties of PbS1-x were addressed in the present work. Interfaces have a crucial role in
determining the transport properties in polycrystalline materials with abundance of grain
boundaries. It was critical to investigate such effects as the majority of solution processed
nanomaterials have a polycrystalline nature with high concentrations of grain boundaries. Solution
-processed syntheses methods are appealing for large-scale productions due to simplicity and
lower costs. It was found that upon heating PbS, a major sulfur-loss event occurred at a temperature
at around 266.4 ℃ creating vS·· sulfur vacancy sites. It was proposed that formation of vS·· sulfur
vacancy is more favorable on the layers close to the surface. Upon heating further to higher
temperatures small and continuous weight loss was observed, attributed to the v··
S sulfur vacancy
formation at layers adjacent to the surface. Measurements of the electro-thermal transport
properties revealed existence of potential barriers against charge transport. Defects at the interfaces
acted as a trap for added charges due to sulfur vacancy formations, immobilizing them and creating
charged interfaces.
Lastly, many of the uncertainty and error sources in the current thermal and electrical
measurement methods were identified and analyzed by using the finite element analysis. Coldfinger effects in Seebeck coefficient and electrical conductivity measurements, a major source of
uncertainty especially at high-temperatures, was analyzed in a design with an axial thermocouple
(Snyder’s design). Due to importance of accurate measurements a new design for consecutive
measurements of thermal conductivity, electrical conductivity, ionic conductivity and Seebeck
coefficient at high-temperatures were developed and analyzed.
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